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CHAPTER  I 


Analysis  for  Flow  Separation 

Recently  the  analysis  of  flow  separation  at  subsonic  and  supersonic 
speeds  has  been  further  developed.  In  order  to  describe  this  develop¬ 
ment,  the  recent  investigations  on  the  fundamental  aspects  of  the  flow 
separation  phenomena  over  a  cylinder,  a  blunt-nosed  oody,  downstream  of 
a  step  and  plate,  etc.,  are  considered.  These  findings  are  referred  to 
the  available  analysis  so  that  the  flow  systems  of  separation  may  for¬ 
mulated,  and  a  different  analysis  based  on,  the  separation  stream  line, 
the  integral  and  the  use  cf  Navier-Stocke's  equations,  are  presented  more 
distinctively. 

1 .  Flow  Svatess  and  Sose  Recent  Investigations 

The  experimental  investigation  cited  in  the  reference  of  Burgprar 
(1966)  for  a  subsonic  cylinder  flow  which  depends  upon  Reynolds  numbers 
is  briefly  stated.  The  aim  is  to  get  a  better  understanding  of  the 
structure  of  a  separated  flow  and  to  confirm  the  applicability  of  the 
analysis  for  various  phases  of  complex,  separated  flow. 

As  can  ie  seen  from  Fig. I. la,  at  a  very  low  Re<  1,  stream  lines  are  sym¬ 
metrical,  and  form  no  wake.  For  this  flow  regime,  the  Stokes  equations 
are  applicable.  With  an  increase  of  the  Reynolds  number  up  to  Rea! 

(Fig. 1.1b),  the  flow  symmetry  breaks  down  due  to  the  stream  line  diver¬ 
gence,  downstream  of  the  cylinder  and  wake  formation.  The  full  Navier- 
Stokes  equations  are  to  be  used  to  solve  the  problems  in  this  regime. 


f(€l  - — 


With  the  further  increase  of  Re  >  5 

(Fig.I.lc),  the  flow  separates,  forming 

a  recirculating  zone  and  wake.  This 

phenomena  continues  until  the  Reynolds 

2 

number  reaches  an  order  of  10  . 

The  oscillation  of  the  downstream  wake 
does  not  move  forward,  and  thus  its  ef¬ 
fect  is  not  observed  in  a  recirculation 
vortex.  When  Re ^  100,  then  the  Karman 
vortex  street  (Fig. I. Id)  appears  and  un¬ 
steady  Navier-Stokes  equations  are  to  be 


Fig. 1.1  Regimes  of  the 

flow  for  a  circular  cylin¬ 
der  s  Burggraf  (1966) 
a—  established  flow,  with¬ 
out  a  wake  s 

b~  established  flow,  with¬ 
out  a  circulating  wake; 
c —  established,  recycled 
flow; 

d —  staole,  vortex  street; 
e —  turbulent  wake. 


applied.  In  the  region  of  Re  =  100-1,000, 
vortices  alternate,  developing  into  an  ir¬ 
regular,  unsteady  wake;  and  for  Re  >  10^ 
(Fig.I.le),  the  flow  becomes  completely 
turbulent  and  quasisteady  Reynolds  equ¬ 
ations  are  applicable.  It  is  not  indi¬ 


cated  what  analysis  is  to  be  used  in  the 
regimes  5 <  Re  <100  and  Re«100  -  10^. 

For  supersonic  flow  at  a  much  larger  Re  T  10^,  recirculated  flow  stabi¬ 


lity  is  observed,  apparently  due  to  strong  effects  of  compressibility . 

A  supersonic  flow  field  divided  into  seven  regions,  and  a  point 
downstream  of  a  blunt-nosed  body  £siriex  (196?)J  ,  is  shown  in  Fig. I. 2. 


The  upstream  flow  field  around  the  bow 

shock  wave,  and  its  downstream  high- 

entropy  vortex  layer  1,  can  be  analyzed 

by  the  well-known,  available  methods. 

Fig. I. 2.  Diagram  of  Close  to  the  body  surface,  a  boundary 
flow  in  a  w&ket  Sirieix 

(1967)  layer  forms  and  interacts  with  the  shock 

1 —  vortex  layer; 

2—  boundary  layer;  wave  and  the  vortex  layer.  The  region 

3 —  mixing  layer; 

4—  reversed  flow;  of  the  separated  flow  is  divided  into  five 

5— near  wake; 

6—  critical  point;  areas  which  are  affected  by  viscosity. 

7—  wake  neck; 

6 — far  wake  The  base  region  4,  close  to  the  symmetry 

axis,  is  an  area  of  reverse  flow,  a  part 
of  the  near  wake  5»  bounded  by  the  neck 
region  7  and  followed  by  an  asymptotic, 
far  wake  8.  Near  wake  includes  the  critical  point,  upstream  of  the 
neck  region,  which  is  characterized  by  a  large,  streamwise  pressure 
gradient  at  hypersonic  free  stream  velocity.  The  main  portion  of  the 
near  wake  must  be  considered  as  viscous,  and  its  characteristics  are 
to  be  determined  ry  its  mixing  through  mixing  layer  3  and  its  inter¬ 
action  with  the  external  flow.  Fax  wake  8,  with  its  negligible, 
streamwise  pressure  gradient  can  be  studied  in  terms  of  the  total 
drag  of  the  body.  The  flow  of  the  mixing  layer,  which  transfers 
a was  and  heat,  may  be  analysed  by  the  boundary  layer  equations. 

Ginevakiy  (1969),  presented  the  results  of  analytical  and  expe¬ 
rimental  investigations  of  turbulent,  separated  flows  with  constant 
and  variable  density,  and  he  also  offered  some  recent,  semi-analytical 
findings  in  his  monograph.  His  experimental  investigations  focus  on 
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the  microstructure  of  various  types  of  flows,  including  a  turbulent 
wake.  His  theoretical  studies  concern  the  integral,  computational, 
method  necessary  to  solve  problems  regarding  the  turbulent  boundary 
layer  and  supersonic  separated  flow.  Abramovich,  et  al  (197*0  pre¬ 
sented  a  monograph  on  the  recent  developments  regarding  a  mixing  tur¬ 
bulent  flow.  The  authors  paid  attention,  in  addition  to  an  analysis 
for  variable  density,  self-similar  solutions,  etc.,  mainly  to  the  an¬ 
alysis  required  for  maximum  and  minimum  mixing.  Experimental  data  for 
axisymmetric  flow,  mixing  between  two  flows  of  different  velocities  and 
densities,  and  profiles  of  velocity,  temperature  and  concentration,  are 
presented  in  the  form  of  universal  relationships  in  order  to  determine 
the  mixing  parameters. 

Teterin  (1964),  calculated  the  turbulent,  free-stream  of  PrT  *  1 

by  using  the  combined  solutions  of  the  equations  of  motion  and  energy, 

with  Tollmien  boundary  conditions  for  a  range  of  M  =  0  -  10,  applying 

Prandtl's  mixing  length  theory.  The  ratio  of  u./u  *  f(M)  evaluated 

J  ® 

by  Yurchenok  (1968),  is  compared  with  that  of  Korst  et.  al.  (1956),  who 

formulated  (u./u  )  =  0.346  +  0.018  M,  and  other  ratios  as  seen  in 

J  ® 

Fig. I. 3a,  indicating  the  effect  of  a  selected  hypothesis  in  relation 
to  the  velocity,  on  the  separation  stream  line. 

In  Fig. I. 3b,  the  velocity  distribution  along  the  separation  stream 

2 

line,  i.e.,  with  respect  to  =  V  s/u  8*  ,  is  also  shown,  where 

y  is  a  kinematic  viscosity,  s  is  the  distance,  ©0  *  SQ  is  the  ini¬ 
tial  thickness  of  the  boundary  layer. 


Fig. I. 3.  Value  of  velocity  on  separating  stream  linesi 
(Shvets  and  Shvets  (1976)) 

a — 1 — v  =  const  (Yurchenok  (1968))  ;  2 —  (Korst  et  al  (1956))  ; 

3 — i£  “  1  (Neyland  (1964))  ;  — i*  =  1  Pr,p  =  1  (Yurchenok 
(1968))  5  5— (Neyland  (1969a))  ;  6— Pr?  =  0.5(Teterin  (1964))  5 
b— 1 — exponential  profiles  (s-f  *0  ,  u  /u  -»  0.618)  ;  2 — quadratic 
profile  ( s-teo  ,  u^/ug  -►  0.594);  3 — numerical  integration  from  the 
Blasius  profiles  (s-*<k>,  u^/uc  0-587)  (Denison  and  Baum  (1963)) 

During  the  process  of  flow  expansion,  downstream  of  a  body,  the 
initial  structure  of  the  boundary  layer  breaks  down  and  most  of  its 
thickness  as  an  inviscid  flow.  Thus,  the  effects  of  the  viscosity  are 
significant  only  in  the  small  area  near  the  wall,  i.e.,  a  new  sublayer 
appears,  as  Weinbaum  (1966)  as  well  as  Weiss  and  Weinbaum  (1965)  found. 
Experimentally,  it  is  proven  that  the  lateral  pressure  gradient  in  the 
mixing  layer  is  small,  justifying  the  hypothesis  of  isobaric  mixing. 

The  analysis  of  inviscid  flow  can  be  used  in  certain  cases  to  de¬ 
termine  the  pressure  in  the  separated  zone.  Vagramenko  and  Puchkova 
(1973)*  applied  this  analysis  for  an  axisymmetric  flow  in  a  cylindrical 
channel  of  an  arbitrarily  large  area  of  a  cross-section.  They  were 
ably  to  determine  the  base  pressure  in  the  separation  zone  bounded  by 
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an  inviscid,  stream  line  boundary  wall  of  channel  and  a  protuberance 
at  supersonic  speed. 


1 .1  Approximate  and  Semi-Empirical  Methods  for  Two-Dimensional 
Separated  Flows. 

Various  approximation  methods  are  classified  into  two  types, 
first  and  second,  but  these  refer  essentially  to  the  methods  of 
Croco-Lees  (1952)  based  on  the  mixing  theory  for  a  turbulent  flow, 
and  Chapman  ( 1951 )  and  Korst  (1956),  based  upon  the  concept  of  the 
dividing  stream  line. 

(i)  The  first  type  uses  various  forms  of  integral  equations 
and  relations  obtained  from  the  boundary  layer  equations,  which 
are  extended  from  the  well-known  methods  for  the  separation  of 
free  layers.  For  the  solution,  integration  of  a  system  of  non¬ 
linear,  ordinary  differential  equations  is  carried  out,  and  thus, 
the  distribution  of  functions  through  the  boundary  layer  is  not 
obtainable  by  this  system.  Hence,  this  system  is  supplemented 
by  the  relations  connecting  the  distribution  of  the  boundary  layer 
displacement  thickness  with  the  outer  flow  characteristics,  neces¬ 
sitating  the  proper  choice  of  the  family  of  parameter  distribu¬ 
tion  profiles  through  the  boundary  layer  thickness.  In  the  USSR, 
for  the  analysis  of  the  laminar  flow,  a  single  parameter  family  of 
power- law  velocity  and  stagnation  enthalpy  profile  in  Dorodnitsyn 
variables,  as  well  as  the  single  parameter  of  velocity  profiles 
obtained  by  self-similar  boundary  layer  equations  are  used.  For 
the  analysis  of  turbulent  flow  involving  separation,  integral  me¬ 
thods  are  used,  applying  the  Croco-Lees'  theory,  because  the  in¬ 


tegral  method  is  better  suited  for  the  turbulent  flow  than  the 
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laminar  flow.  However,  since  the  basic,  closed  system  of  exact  equa¬ 
tions  for  the  turbulent  flows  has  not  yet  been  obtained,  it  is  not  pos¬ 
sible  to  develop  a  more  exact  method.  Gogish  et  al  (1969),  developed 
the  Croco-Lees’  integral  method  for  the  unified  calculation  of  super¬ 
sonic  laminar  and  turbulent  flow  using  a  minimum  number  of  empirical 
data.  With  this  data,  the  turbulent  flow  solutions  for  the  separated 
flow  regions,  for  base  pressure  and  for  the  critical  pressure  rise,  etc. 
are  obtained.  Gogish  and  Stepanov  (1966,  1971),  published  (in  1966), 
the  computed  base  pressure,  near  wake  and  jet  flow  around  bodies  and 
separated  flows  in  channels,  and  in  1971,  the  characteristics  of  the 
pseudo-shock  in  the  transonic  region,  from  supersonic  to  subsonic  flow 
in  a  long  channel. 

(ii)  The  second- type,  which  corresponds  to  the  method  of  Korst  (1956) 
for  turbulent  flow  and  Chapmen  (1951)  for  laminar  flow,  was  found  to 
yield  the  best  results  for  the  separated  zone  with  a  constant  pressure, 
not  only  for  a  turbulent  but  also  for  a  laminar  flow.  This  writer  (1970), 
presented  the  details  of  this  method  to  determine  the  base  pressure,  se¬ 
paration  zone  length,  reattachment,  etc.,  and  an  analysis  leading  to  the 
necessary  information  for  various  criteria  in  his  book  Separation  of 
Flow  (Pergamon  Press,  1970).  In  the  USSR,  Minytov  (1961),  Tagirov  (1961, 
'63,  '66)  used  this  approach  and  computed  the  base  pressure  on  a  rear 
facing-step  placed  in  a  turbulent  flow,  and  Bondarev  (1964),  Bondarev  and 
Yudelovich  (1965),  Yel’kin  et  al  (1963),  and  Neyland  (1963)  studied  the 
base  pressure  for  simple-shaped  bodies. 

Yel’kin  et  al  (1963),  indicate  that  the  well-known  principle  of  flow 


stabilization  as  M  ,£-»«»•>  holds  for  a  separation  zone  at  hypersonic 
speeds,  and  established  that  the  base  pressure  on  slender  wedges  de¬ 
pends  on  the  similarity  parameter  M^-  "t  ,  where  T  is  the  thickness 
ratio.  Yuldel’svich  (1965),  determined  the  base  pressure  on  a  sphere. 

For  the  solution  of  the  problem  of  separated  flow  on  the  smooth 
surface,  if  the  separation  point  is  not  known  as  a  priori,  the  Chapman- 
Korst  condition  alone,  or  any  modification  of  this  condition,  is  not 
sufficient  to  determine  the  length  of  the  separation  zone  and  the  se¬ 
paration  point.  Therefore,  in  order  to  determine  the  separation  point, 
it  is  necessary  to  use  an  algebraic  relation,  the  so-called  separation 
criteria,  connecting  the  pressure  in  the  separation  zone  with  the  local, 
boundary  layer  characteristic,  upstream  of  separation  point. 

Neyland  (1965),  presented  a  generally  approximate  method  for  the 
solution  of  the  separation  on  a  flat  plate,  upstream  of  a  flap  at  super¬ 
sonic  speed,  and  Tagirov  (1966),  developed  a  method  to  estimate  the 
time  necessary  to  established  a  stationary  flow  in  the  turbulent,  se¬ 
parated  zone,  assuming  that  the  slowest  process  for  establishment  of 
the  stationary  flow  in  the  base  region  is  the  turbulent  mixing.  Mur- 
zinov  (1970),  computed  gas  temperature  in  the  separated  zone,  based  upon 
the  concept  of  the  isobaric,  separated  zone. 

1 . 2  Numerical  Methods 

The  numerical  methods,  developed  in  the  USSR,  are  to  intended  to  solve 

Navier-Stokes  equations  at  high  Reynolds  numbers  only,  for  example,  for 
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the  viscous,  separated  flow  over  the  sharp  comer,  under  the  as¬ 
sumptions  of  Re  based  upon  the  asymptotic  method  and  similarity  law 
for  laminar  and  turbulent  flows.  For  steady  and  unsteady,  separated 
flows,  the  system  of  Navier-Stokes  equation  is  approximated  by  a  fi¬ 
nite  difference  system,  and  by  using  a  computer,  solutions  with  ac¬ 
curacies  of  the  first  and  second  order  are  obtained. 

1.2.1  Steady  Separated  Flow 

Dorodnitsyn  and  Meller  (1968,  1971),  obtained  only  a  limited 
solution  of  the  incompressible  diffuser  flow  of  the  multiple  phases 
steady  two-dimensional  cases.  Kline  (1959) •  indicates  that  four, 
different  flow  phenomena  occur  within  the  diffuser,  i.e.  a  well  be¬ 
haved  flow  with  no  separation;  a  large,  transitory  stall;  steady, 
fully  developed  stall  and  jet-like  flow.  For  the  particular  geo¬ 
metrical  condition  of  the  diffuser  (ratio  of  width  of  exit  to  en¬ 
trance  is  two)  the  numerical  method  is  applied  to  evaluate  algebraic 
equations  for  each  iterating  step.  The  results  show  that  the  flow 
reverses  in  a  short  region  if  Re,  based  upon  the  entrance  width, 
reaches  8  ft  and  for  Re  =  32  K  ,  a  very  definite  stagnation  zone 
with  steady,  reverse  circulation  occurs.  But,  for  Re  7-  200ft  ,  no 
solution  is  obtained,  because  the  iteraction  process  does  not  con¬ 
verge  and  the  sequential,  approximation  oscillates,  and  approaches 
no  limit. 

Myshenkov  (1970,  1972a*  1972b),  studied  the  upstream  and  down¬ 
stream,  separated  flows  by  applying  numerical  methods  for  Re  amounting 
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to  several  hundred,  and  at  Mach  numbers  3_5,  confirming  the  con¬ 
cepts  of  the  flow  pattern  and  the  influence  of  the  Reynolds  number 
on  the  geometry  of  stream  lines  in  the  separated  flow  regions  as 
sketched  in  Figure  1.4,  and  1.5.  Furthermore,  Myshenkov  (i9?2b), 
qualitatively  confirmed  the  existence  of  a  viscous,  mixing  layer. 

He  calculated  the  base  pressure  for  the  flow,  up  to  Re  =  4  x  10  , 
by  applying  approximated  Navier-Stokes  equations,  obtaining  results 
to  second  order  of  accuracy,  using  an  explicit  scheme. 

In  the  USSR,  the  problem  of  the  viscous  flow  over  a  cylinder 
was  not  solved  by  a  numerical  method,  due  to  the  difficulties  of 
approximating  as  nearly  as  possible  to  the  Navier-Stokes  equations 
and  the  boundary  conditions  for  an  external  flow. 


Figure  1.5.  Example  of  the  calculation  of  a  separated  flow 
around  a  rectangle.  Streamline  pattern  for  M  =  0.3  and  a 
different  Re.  £  Myshenkov  (1972b) J  . 


For  a  separated  flow  with  a  small  Reynolds  number,  Dumitrescu 
and  Cazacu  (1970)  in  Romania,  obtained  analytical  solutions,  for 
example,  the  separated  flow  stream  line  caused  by  a  flat  plate,  pla¬ 
ced  at  an  angle  of  attack  0*  =  45°  and  Re  =  50,  as  shown  in  Fig. I. 6. 

For  two-dimensional  viscous  flow,  the  equations  are  i 

momentum  s 

continuity 

By  introducing  the  stream  function  if  given  by 
u  =  ->V7?y  ,  v  =  -*t/T>x 


u|u  +  y|u  +  1  |£ 
9  x  ^y  f 


dv  3 v  ,13P 

u  —  +  v  —  ♦  — 

9x  9 y  $  9 y 


V 


/  u  +  ^  u  \ 

'  3x*  3y‘ ' 


f  v  +  ^v 


3  y 


i) 


I”  +  P  =  0 

^  X  9  y 
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these  momentum  equations  are  expressed  by 


V  A  A  <*  =  _  *±$4* 

'  ?>  y  ^  x  7x  dy 

By  taking  x1  =  x/B  ,  y1  =  y/B 


1  _  u  _ 


and. 


1  _  v 

V  =  — 

u 


m 


where  B  is  characteristic  length  and  u  is  average  velocity, 


T  ^  1  1  2y! 


3  x 


is  obtained. 

The  method  of  Dumitrescu  and  Cazacu,  is  to  approximate  the  func¬ 
tion  *  and  its  derivative  by  the  finite  Taylor’s  series  and  to 
relax  the  values  at  the  mesh  points  at  higher  Reynolds  numbers  in 
order  to  integrate  this  differential  equation  of  f  1  .  Around  a 
point  of  interest,  in  the  multiple  rectangular  meshes  of  the  flow 
field  containing  up  to  20  points,  are  set  up.  The  terms  of  Taylor’s 
series  of  *  are  given  by  the  proper  *  value  and  the  product  of 
derivatives  of  ^  *,  with  respect  to  coordinates  x  and  y,  and  the 
distance  between  the  mesh  points.  The  values  of  \j>  *  ,  at  points 
near  the  surface,  are  also  given  in  Taylor's  series,  by  considering 
the  singularity. 

The  stream  lines  evaluated  by  the  numerical  integration  of  this 
approximate  Navier-Stokes  equation  (by  a  computer),  in  the  region  of 
laminar  separated  flow  of  a  small  Reynolds  number,  are  in  a  good  agree¬ 
ment  with  observation  by  means  of  flow  visualization  using  floating 
paper,  as  indicated  in  Fig. I. 6. 
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Figure  1.6.  Flow  around  plate  L/B  =  ■£  in  mid-channel  at  angle  of 
a  attack  45°.  L  is  width  of  the  plate  and  B  refers  to  channel  width 

a)  computed  stream  line  at  Re  *  50 

b)  experimental  figure  at  Re  =  45.5 
[  Dumitrescu  and  Casacu,  ( 1970) ]  . 


1.2.2  Unsteady  Separated  Flow 

Il'ichev  and  Postolovskiy  (1972)  and  Belotserkovskiy  and  Nisht 
(1971).  attempted  to  solve  the  problem  involving  a  separated  flow 


r.?.  -’xample  of  the  calculation  of  a  separated,  ideal 
low  around  a  cy Linder.  Vortex  sheet  at  different  tines 
i  single  period  T.  [  Il'ichev  and  Postolovskiy ,  (1972)1 
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the  following  transformations  are  used. 

y  =  t  -(ft  u  =  u  •  f  ,  ^u/^y-uf'J 
j  e  e 

Then 
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=  f-ue  -  ue.^f//d-  +Ue(Jf/>ai)-^ 

,y  ,5 
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The  prime  over  and  a^,  indicates  the  differentiation  with 

respect  to  x,  and  thr  prise  over  f  with  respect  to 


ry  substituting  eq.(3)  into  eq.(2),  eliainating  the  derivative  S 
using  the  momentum  equation  of  alter  double  integration, 


This  equation  (4),  can  be  used  to  compute  shear  stress  based  upon 
measured  data  of  the  velocity  profile,  parameters  cf  ,  \  ,  0/<f  ,  ap¬ 
proximate  solutions  and  a  turbulence  hypothesis. 


Rotta  (1967)  indicates  that 

f  =  ^  n  and  f  =  J  f  h  =  2n+1 


(5) 


hence,  referring  to  eq.(l),  H  can  be  selected  as  the  parameter  a^. 
Then  eq.(4)  becomes 


r  -  rtf  -  cf®  x/2  +  (-A)®2  +  (dH/dx)<T/H(H+l)s3 


(6) 


where 


1 


li  *  1  -  5 


r  ^  ,  H,  , 

l  •  J  •  z3  "  f  ^  f 


Because  functions  z?  and  z^  in  eq.(6)  are  similar,  by  taking 
z.  ~  -  V  h"  ( H— 1  )z_ 


eq  .  ( '  )  is  reduced  to 

f  =  T  /  j  u? 

J  P 


cfZl/?  +  (-f)z2 


Here  the  new,  gradient  shape  para  leter  F  is  defined  by 

-  F=  ( -A  )  ♦  vdH/dx)//[H(H-l)yiTj  (?) 

This  parameter  r  which  is  also  used  for  separation  criterion  is  more 
general,  when  compared  to  the  classic  form  of  parameter  \  because  ,\ 
allows  only  for  the  effect  of  a  local,  pressure  gradient. 


Prandtl's  hypothesis  for  the  turbulence  structure  is  formulated  fy 


lf/d5  =\UTtv  duep/dJ 


where  the  subscript  p  refers  to  a  flat  plate.  Using  Clauser's  (19^9) 


universal  concept 


<  '-fP  >  V  V2  * 


i  [l„T  -  ,  .  «J2-  3j3|  (9) 


where  ^  is  turbulence  constant. 

Using  eq.(7)  and  (9),  eq.(8)  becomes 
df/dj  =[Cf/2(l-|H)/(l-^  Hp) 

♦  (-r)J  (1-  Hp)J  0,5  [  -  ctt/d  J  J 

By  integrating  the  velocity  profile,  the  developed  turbulent 


« 
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boundary  layer  is  given  by 

f  =  1  -  (1/K)  jj[cf/2  *  (1-JH)/(1-  3HP)  +  (-F’)J  (1-  j1"1)/ 

/(l- jHp)j  °-5(l+8f  -9j2)dJ  (10) 

Then  the  critical  velocity  profile  for  0  =  0,  at  flow  separation. 


is  given  by 

f  =  1  ■ 
cr 

approximating 

[('  -  fP)j°'4  ’  *  {  [("or-’)/»p]°'5-'j| 

fcr  =  l-?(-Fcr)/K[(l-/0  +  8/5-(l-f  ?J7)-9/7-(l-53/f)  + 

[(Hcr-t)/Hp-lJ[l/3.(l-_^)+  8/7-0-  /3/J)-U-54/f  )]  j  00 


[(-Fcr)(l-  ^H_1)/(l-  jHP)  '  0*8/-9J2)d£ 


Fig .1.8. 


raph  of  the  function  =  (y/.V^_Q  ,.) . 


1  -  present  theory,  ReQ= 10000; 

?  -  theory  of  £  Kutateladze  and  Leontyev  (196?)^  ,  Reg-r*°, 

theory  of  £ Fedyayevskiv  et  al  (1973) J  .  Re^  =  *500; 

3  -  theory  of  [ Fedyayevskiy  et  al  (1973)]  .  Re  =  5 *  1 0 ^ ; 

data  points  from  experiments  in  £ Bam-Zelikovich  (195^+)] 
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This  separation  velocity  profile  formulated  by  eq.(ll)  is  in  a 
good  agreement  with  the  experimental  data  of  Bam-Zelikovich  (195^) 
as  shown  in  Figure. I. 8. 

The  shape  parameters  for  separation  are  given  by  considering  the 
viscous  sublayer  as 

-F**  =  -  F  (©/<T )  =  0.0035  +  0.1 -C, 

cr  cr  v  °  'or  fp 

and 

Hcr  =  2,33  +  (Hp  "  1)/2  (12) 

For  the  attached,  turbulent  boundary- layer,  values  of  6,  Re0,  H 
and  C^.  can  be  computed  by  the  following  skin  friction  law  expressed 
by  (^.  and  the  differential  equation  of  H. 

Defining  F**  =  F**/F** 


is  given  by 


_  0.9 

(1-F**  ) 


Then  since 


Xr-b/oyi)]  F" 


(13) 


(S.  S.  Kutateladze  and  A.  I.  Leont'yev) 


1  -  In  [(H-1)/(H  -1)J  /  In  [  («cr-l)/(H  -l)J  |  ’  (14) 


0.9 


This  equation  correlates  well  with  the  experimental  data  of  Proc. 
AF0SR-JFR  oi  the  Stanford  Conference  (1969),  as  shown  in  Figure. I. 9. 


Another  differential  equation  of  H  is  given  by 

dH/dx  =  |  )  -  C-F~  )  In  £  (  H-l)/(Hp-l)J  / 

/In  [  (Hcr-l)/(Hp-l)]jHfT  (H2-l)/0 
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1 


*•» 


A  =  (  02/V  )(due/dx) 


f  if, .1.9.  Graph  of  the  function  U-  =  f  (H  -  H  ), 

1  c  0 

present  theory;  1  -  Re  =  10  ;  2  -  ReQ  =  lCr; 

a  a 

experimental  points  from  [  Proc.  AFOSR-JFR,  Stanford 
Conf.  vol.?  (1969)] 
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A  theory  of  flow  with  free  boundaries,  where  the  viscous  layers 
are  replaced  by  lines  of  velocity  discontinuity  separating  the  wake 
from  the  external  flow  and  correlating  layers  of  the  vortex  with  a 
free  viscous  flow,  was  presented  by  Birkhoff  (1955)  and  Roshko  ( 1955) - 
The  physical  aspects  were  not  clear  in  this  theory,  and  thus  the  solu¬ 
tion,  under  a  certain  hypothesis  and  in  a  parameter  of  the  base  pres¬ 
sure,  was  not  rigorous.  The  free  boundary  flow  may  be  analyzed,  based 
upon  potential  flow  theory,  by  assuming  that  the  wake  is  bounded  by  a 
free  stream  line  and  by  idealzing  the  viscous  layer  flow  involving  a 
velocity  disturbance.  Such  a  free  stream  line  concept  has  been  applied 
for  the  analytical  solutions,  using  the  base  pressure  as  a  parameter, 
by  Alnemathy  (1962),  Birkhoff  and  Zarantonello  (1957),  and  Gurevich 
(1961). 

It  is  to  be  noted  that  in  spite  of  very  different  theories  being  used 
for  the  shape  of  free  surfaces  far  from  a  body,  the  distribution  of 
pressures  along  the  frontal  surface  and  the  shape  of  the  stream  line 
immediately  downstream  of  the  flow  separation,  can  be  predicted  (with 
good  agreement  with  test  data,)  provided  the  experimentally  determined 
point  of  separation  and  pressure  downstream  of  the  body  are  referred 
to.  Abramovich  (i960),  obtained  an  approximate  solution  for  a  turbu¬ 
lent  flow  in  a  circulation  zone,  downstream  of  a  blunt  body. 

For  the  solution,  the  entire  circulation  zone  is  divided  into  two  sec¬ 
tions.  In  the  first  section  (the  upstream  section  where  the  flow  rate 


in  the  streamwise  and  reverse  directions  becomes  equal),  the  theory 
of  free  turbulent  stream  is  applied.  In  the  second  section,  it  is 
assumed  that  the  flow  field  can  be  determined  bv  an  ideal  fluid  theory 
and  the  theory  of  functions  of  complex  variables. 

Ginevskiy  (1969)  obtained  a  solution  for  the  Vulis  (1957)  flow  model 
by  an  integral  met!'  xi ,  Vulis  (195?),  not  taking  into  account  tne  ex¬ 
ternal  inviscid  flow  field  deformed  by  separation  and  low  density  in 
the  separation  zone,  obtained  a  Qualitative  picture  of  wake  flow. 

The  flow  loss  of  ideal  flow  momentum  by  uniform  flow  over  the  imagi¬ 
nary'  distorted  body  and  the  discharging  turbulent  flow  is  considered 
equal  to  the  actual  loss  due  to  drag 

Khudenko  (1961,  1968),  by  considering,  the  flow  in  the  base  area  and 
wake,  simultaneously,  determined  the  potential  flow  referring  to  the 
Efros  system.  Khudenko  proposed  that  in  the  first  section  of  the 
circulation  zone,  the  free  stream  line,  determined  by  considering 
reverse  flow  (based  on  the  experimental  value  of  stagnation  zone  pres¬ 
sure),  should  coincide  with  the  lines  on  which  the  longitudinal  velo¬ 
city  component  is  equal  to  the  arithmetic  mean  value  of  this  compo¬ 
nent  on  the  boundaries  of  the  mixing  zone  of  the  external  flow. 

Kimasov  -  Kudryavtsev  (1970)  flow  model  for  the  circulation  base  zone 
is  as  followsi 

The  static  pressure  In  the  case  in  assumed  to  be  constant  and 
known.  The  distribution  of  mean  longitudinal  velocity  in  the  mixing 


zone  of  streamwise  and  reverse  flow  is  governed  by 


u  -u 
e  m 


^  y  -y 


u  <  0 

m 


where  u  is  the  longitudinal  velocity  at  the  center  of  reversed  flows, 
m 

v  and  y  are  ordinates  of  external  and  internal  boundaries  of  the 
e  m 

nixing  layer  respectively. 

The  coordinate  of  ideal  flow  y.  ,  is  related  to  displacement  thickness 

a  v  =  v. ,  +  o  *  where  subscript  a  refers  to  a  trailing  edge. 

a  P  Pm 

For  the  Lase  area,  -  J  (l-  )  dy  =  (l+  mj-jt  )ym  +  6  * 


s  =  J  V  l+(y. aT dx  then  d  =  ks  +  6  where  k  =  const. 
'  id  a 


Fig. I. 10.  Diagram  of  flow 
in  the  circulation  zone  be¬ 
hind  a  oluff  body. 

[^Shvets  and  Shvets  (1976)J 


The  solutions  of  the  conservation 
equations  of  mass  and  momentum  in 
a  projection  on  the  x-axis  for  re¬ 
gion  A* A  BB’  lead  to  the  following 


results  i  ,  „ 

y  U  +  - ff- - 


1+£=. 


_  yidVa  ~ 
**  i+^Tem 


G  ?eue  (H_yid)-5 


W  ?fmyLd+^^ 

>  e  e  ->  e 


m+ 1  )H*  (  b)+(  l^r1)  H**(  b) 
e  x  e 


|Vi  +  (yici)2  +  J 


where  m  =  -u^u  *  G  is  the  flow  rate  through  AB  due  to  turning  of 
the  external  inviscid  flow  caused  by  base  low  density.  H  is  step 
height. 

s  ' y-  - y-  S'  ‘  \ 


e  m 

t-Sa. 


e(!  -  4rr  )dy  =  <S  H*  (m) 


P  U 
e  e 


6  = 


0  = 
a 


(1  -fJ“)  dy=  ^a"Ha 

Je  e 

-  £/<*. 

(  1  -  -  )  dy  =  /  H 

ue  PeUe  a  a 


The  value  of  m(x)  is  determined  by  these  equations.  The  position 


of  the  separating  stream  line  y  .  is  determined  by 

%  0 


J. 


/.r 


£"udy  =  0 

By  taking  the  Schlichting's  profile  f (  ^  )  =  (l-  ^  )C  311(1  neglecting 
the  transition  section  from  the  ooundary  layer  to  the  jet  stream 
layers,  /a*  =0.45/,  e  =  0.134  •  «T 


The  free  boundary  flow  solution  obtained  from  Efros  analysis  (Kii> 
nasov  and  Kudryavtsev  1970)  was  assumed  as  the  boundary  of  the  in¬ 
viscid  flow  with  the  base  pressure  corresponding  to  the  given  boun¬ 
dary  layer  thickness. 

Fig. I. 11,  shows  the  computed  non-dimensional  velocity  on  the  axis 
of  the  circulation  zone,  indicating  that  the  increase  of  axial  velo¬ 
city  gradient  is  affected  by  the  low  density  in  the  base  area. 
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It  is  also  seen  that  the  initial  laver  thickness  causes  a  decrease 
in  velocity  on  the  axis  and  it  is  essential  to  select  a  proper  cons¬ 
tant  for  linear  growth  of  the  boundary  layer. 

Figure  T.12,  shows  the  calculated  velocity  along  the  separation  stream 
line  for  k  =  0.3 

Figure  I . 1 3 •  indicates  the  effects  of  various  parameters  on  the  posi¬ 
tions  of  characteristic  oundaries. 

It  is  noticed  that  most  of  the  references  for  the  separation  zone, 
downstream  of  the  oody,  are  concerned  with  the  mean  motion  and  do  not 
refer  to  the  case  pressure  or  low  density  in  the  case  area,  even  though 
in  the  final  analysis,  the  'ase  pressure  determines  the  external  invis- 
cid  flow.  The  basic  complexity  of  finding  the  :ase  pressure  at  suoso- 
nic  speed  is  due  to  the  necessity  of  simultaneous  computation  of  vis¬ 
cous  rlow  in  the  separation  zone  and  of  external  flow.  For  supersonic 
flow,  however,  it  is  not  difficult  to  determine  the  external  flow  and 
for  the  cases  of  suppressed  periodic  motion  (splitter  plate)  or  of  ab¬ 
sence  of  periodicity  (rearward  facing  step)  in  the  separated  zone.  The 
.  use  pressure  can  t>e  predicted  y  the  well-known  analysis,  in  good  agree¬ 
ment  with  the  experimental  data.  However  if  the  periodicity  is  consi¬ 
dered,  no  analytical  solution  is  available. 


Nash  (1963).  presented  a  semi-empirical  analysis  to  compute  the  base 


pressure  downstream  of  a  flat  plate  using  the  measured  length  of  the 
separated  region  and  reattachment  pressure.  Nash  (19^4),  also  esta¬ 
blished  the  relation  .-etween  the  potential  flow  over  a  flat  plate  and 
the  viscous  flow  in  the  wake.  The  viscous  wake  is  considered  by  dis¬ 
tributed  sources,  and  tReir  intensities  are  selected  such  that  pressure 
in  the  base  area  is  similar-  to  the  measured  data.  The  momentum  thick¬ 
ness  of  a  far  wake,  determined  by  an  integral  method  of  momentum,  is 
used  to  formulate  the  drag  of  an  airfoil  by 

f 


f  u2  0 
C  =  4  - 

°  £"*>  c 


C  d  — 


where  c  is  chord  length,  ^  is  a  closed  contour  including  the  dis¬ 
placement  thickness  round  the  oody  surface  passing  through  the  hase  sec¬ 
tion.  The  subscripts  e  and  s  are  external  inviscid  flow  downstream  of 
separation  and  separation  point,  respectively.  Distribution  of  is 
determined  based  upon  the  external  Inviscid  flow  in  a  function  of  lase 
pressure  and  incompressiole  flow  solution  is  formulated  from  the  compre¬ 
ssible  flow  snalysis  applying  the  similarity  law. 


Tanner  (1970),  obtained  an  analytical  solution  for  the  hase  pressure 
downstream  of  a  wedge  and  a  circular  cylinder  considering  the  mixing 
layer  between  the  external  flow  and  base  and  using  experimental  data  of 
the  drag  and  circulating  fluid  quantities. 

Tanner  (I973)i  extended  this  work  for  an  incompressible  flow  with  a  zero 
thickness  of  the  boundary  layer  to  the  compressible  flow.  Kimasov  and 
Kudryavtsev,  computed  the  base  pressure  based  upon  the  analytical  model 


shown  in  Figure. I. 14. 


Figure. I .14.  Diagram  of  flow  in  the  wake  of  a  semi-infinite 
plate:  [Shvets  and  Shvets  (1976)3 

I — area  of  separation  of  the  boundary  layer;  II — area  of  mixing 
with  constant  pressure;  III — boundary  of  inviscid  external  flow; 
IV — stagnant  zone;  V — reattachment  area;  VI — area  of  development 
of  the  wake;  1,  ?,  and  3 — respectively,  the  section  of  separa¬ 
tion,  beginning  of  increased  pressure  and  reattachment. 


The  case  section  is  divided  into  several  characteristic  field: 

In  the  separation  zone,  the  momentum  transfer  takes  place  from  the 
flow  in  the  undisturbed  boundary  layer  to  a  jet  stream.  The  thick¬ 
ness  of  this  field  is  an  order  of  the  undisturbed  boundary  layer  and 
thus  could  be  neglected.  Tn  Field  IT,  the  isobaric  layer  of  mixing 
develops  and  the  position  of  the  mixing  layer  relative  to  the  boun¬ 
dary  line  of  the  inviscid  flow  is  fixed  by  the  momentum  equation. 


Tn  the  reattachment  zone,  the  pressure  rises  and  the  entrained  mass 
is  circulated,  thus  conserving  the  mass  flow  rate.  Line  AB  is  the 
separation  stream  For  two-dimensional  subsonic  flow,  the  momentum 
thickness  of  the  far  wake,  which  is  a  measure  of  body  drag  is  given 


8 


(15) 


establishing  a  relationship  between  the  momentum  thickness  of  the 
far  wake  and  base  pressure.  If  the  base  pressure  is  known,  the  po¬ 
tential  flow  past  a  body  may  be  computed  based  upon  free  boundaries, 
obtaining  a  pressure  distribution  along  the  body  surface  and  contour 
of  the  stagnation  zone  close  to  the  base  section  in  satisfactory  agree¬ 
ment  with  experimental  data  of  Birkhoff  and  Zarantonello  (1957),  Khu- 

denko  (1968)  Eppler  (195^)  and 
Mimura  (1958). 


In  Figure. I. 15,  the  parameters 
of  the  turbulent  mixing  layer 
are  presented. 


Fig. I. 15.  Parameters  of  the  tur¬ 
bulent  mixing  layer  (S' =12). 
[Shvets  and  Shvets  (1976)1 


The  momentum  thickness  of  mixing  layer  8  along  the  separating  stream 

line  and  the  relative  flow  velocity  along  the  separation  stream  line 
-  2  Ui  2 

(u.)  =(„)  are  shown  in  a  function  of  0  /x  where  0  and  x 

e2 

are  the  initial  thickness  of  the  boundary  layer  and  the  distance  at 
which  the  mixing  layer  develops,  respectively.  For  the  computation, 
Tollmien's  velocity  profile  of  incompressible  flow  is  used.  The  pre¬ 
ssure  between  sections  2  and  3  is  computed  by  considering  the  decelera¬ 
tion  of  flow  along  a  separation  stream  line. 
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Denoting  the  reattachment  pressure  by  p. 


=  (1 


_  SL 


o 


-  r 

r-i 


where 


A 


1+  ~  e 


(16) 


Assuming  that  the  viscosity  effect  is  small  in  the  reattachment  zone, 
the  momentum  equation  of  the  separation  stream  line  is  given  by 


d0  /&  +  (H  +  2  -  )  du  /up  =  0 


(17) 


and  the  integration  between  sections  2  and  3  yields 


•I 


83*>2"  (  \K.) 


(18) 


where  and  are  shape  factors  of  incompressible  flow  in  sec¬ 

tions  2  and  3  respectively . 

The  change  of  momentum  thickness  at  the  reattachment  point  to  that 
at  position  of  ug  =  u ^  may  be  computed  by  the  Squire  and  Young 
f  ormula . 

Finally,  the  momentum  thickness  far  from  the  body  is 

i( 

C/  C  =  (*</*«>  }  (  (Me/M6j)  (19) 


and  is  evaluated  by 


1  +  Me3  *  (  1  +  IT  M4  )  (!  '  Ct2  “/) 


(20) 


Since  for  the  separated  and  reattached  flows,  =  2  by  using  equa- 


‘.ions  ( ?0)  and  (1A),  the  base  pressure  can  be  determined  oe cause 
*# 

and  9,  are  to  be  evaluated  from  the  isobaric  mixing  layer  computa¬ 
tion.  Another  method  for  computing  the  incompressible  flow  base  pres¬ 
sure  is  described  here. 

"or  steady  flow,  Stepanov  (1970)  and  ijfianea  an ;  Kas'rerwt  (!9t-t), 
showed  analytiral.lv ,  that  the  ,-:ac  in  t‘  «•  circulation  zone  under  the 
iividinr  stream  lire  is  in  equilibrium  -s  re  lo  the  effect  of  external 
•'ci  '  i:'.-,  i  ;  ressui e  and  let:  or  un  be  cundary  or  the  circulation 
zone.  This  anal  y* :  cal  finding  is  < -on firmed  the  experimental  evi¬ 
dence  of  Tani,  luehi  and  Komoda  {4.  )  which  shows  that  for  the  tur¬ 

bulent  mixing  lave’',  the  equivalent  force  is  close  to  zero.  There¬ 
fore,  bv  considering  the  component  of  resultant  external  forces  in 
the  f-ee  stream  line  direction  and  that  sections  ?  and  3  are  close  to 
each  other,  the  following  approximate  equation  is  formulated; 


where  H  is  the  half  width  of  base  section  and  x^  is  the  distance  along 
the  separation  stream  line.  Since  conservation  of  momentum  along  the 
isobaric  mixing  layer  is  given  by 


,  _  -  ,  **  . 

{  rdV  V*,(e2  •  e»  1 


from  these  two  equations 


P2 


(21) 
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..nere  value  of  0?  is  computed  from  the  isobaric  mixing  layer  equa¬ 
tion  .  The  computed  base  pressures  downstream  of  a  two-dimensional  sur¬ 
face  are  compared  with  the  experimental  data  in  Figure. I. 16  and  1.17. 

The  external  inviscid  flow  is 
determined  by  Kimasov  and  Ku¬ 
dryavtsev  (1970)  using  the  Efros 
diagram  of  reversed  flow. 

J  n  order  to  evaluate  the  flow 
characteristics  in  a  crosssec¬ 
tion  with  an  initial  pressure 
increase  it  is  necessary  to  de¬ 
termine  the  distance  at  which 
the  isobaric  mixing  layer  develops. 
The  position  of  section  2  is  de¬ 
termined  by  the  length  of  cons¬ 
tant  pressure  zone  of  inviscid 
flow  shown  in  Figure. I. 18. 

For  convience,  the  phenomena  of  unsteady  separated  flow  caused  by  a 
blunt  body  such  as  a  cylinder  or  a  slender  body  such  as  a  wedge,  are 
briefly  presented  among  the  numberous  investigations,  separately  for 
incompressible  and  compressible  flow. 


Figure. 1.16.  relationship  of  base 
pressure  ehind  a  two-dimensional 
surface  to  the  Hach  number  of  free- 
stream  flow  (solid  curves — calcula¬ 
tion  according  to  (21),  dashed — 
according  to  (15)  and  (19)  [Shvets 
and  Shvets  (1976)]  1 

1—  H/0a  =  33;  2— H/ 0a  =38.5; 

3— H/0a  =  68;  4~H/0a  =  100 

[h'ash  et  al  (1963)]  . 


Figure. I  .  1?.  The  effect  of  the  ini¬ 
tial  boundary  layer  on  :ase  pressure 
i.ehind  a  two-dimensional  surface 
(solid  curves — calculation  according 
to  (2l),  dashed — according  to  (15) 
and  (19)  [  Nash  et  al  ( 1 963) J  : 
[Shvets  and  Shvets  (1976) J 


Figure. I. 18.  The  length  of  zone 
of  constant  pressure  in  an  invis- 
''id  flow.  [  Shvets  and  Shvet6(l976)J 


1--M.  =  0.14;  2--M*  =  0.6; 

>-M«  =  0.8. 

1.4.1  Unsteady  Incompressible  Separated  Flow 

It  is  well  known  that  characteristics  of  the  wake  flow  downstream 
of  a  blunt  body  at  subsonic  speed  depend  on  the  Reynolds  number 
and  a  free  stream  turbulence  but  for  the  slender  body  with  a  fixed 
separation  point  the  effect  of  the  Reynolds  number  is  less. 

A  cylinder  as  a  blunt  body  causes  intense  action  of  a  wake  on  ex¬ 
ternal  flow  and  on  the  body  surface;  the  point  of  separation  shifts. 
With  an  increase  of  the  Reynolds  number  to  Re  “30  -  40,  the  insta¬ 
bility  of  the  wake  is  observed  in  the  Karman  vortex  street  and  when 
Re  reaches  about  90,  one  of  the  vortices  breaks  off  causing  asym¬ 
metry  of  flow.  As  a  result,  the  second  vortex  separates  and  causes 

a  state  of  alternating  convergence  of  vortices.  The  wake  flow  is 

4 

three-dimensional  as  indicated  by  Gerrard  (1966).  When  Re  >  10  , 
cylinder  flow  can  be  divided  into  four  different  regisesj  subscri- 
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ti,ai,  critical,  supercritical  and  transcritical . 


'.'tie  suteritical  "eglme  is  characterized  by  the  plateau  of  the  drag 
.cef:  icier.:  amounting  1,  =  1  .?  up  to  Beas.2  x  10"’  as  seen  in  Figure.!  .  19- 
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surec.  i  "o.’ii  the  forward  stagnation  point 
ana  a  d : --ouhal  number  of  0..?. 

'  r  tne  critical  regime,  0..  decreases  to 
—  • ut  the  f trouhal  number  and  the 

use  pressure  increase  to  0.46  and  -  0.2, 
respective!-.-,  as  seen  in  Figure . 1 . 20 , 
fuch  a  sharp  decrease  of  the  drag  is  due 
to  the  narrowing  of  the  wake  region  caused 
■ v  the  shift  of  the  separation  point  to  a 
downstream  position. 

g 

When  "e  ~  3-3  x  10',  the  local  laminar 
separation  and  subsequent  reattachment 
o. cur,  forming  a  laminar  separation  bubble 
and  'followed  by  turbulent  flow  separation 
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and  C  increases  to  -  0.2. 
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in  the  supercritical  regime  (.5.5  x  IG~J<  H e <  3.5  x  10 ^  )  dominant  fre¬ 
quence  in  the  wake  disappears  and  the  convergence  of  vortices  is  ir¬ 
regular.  The  results  of  measurement  in  this  regime  are  ambiguous  due 
to  the  increased  effect  of  a  three-dimensicnality  caused  by  ,ie  break 
dc  '  or  laminar  separated  u  bles.  in  the  t.ranscritical  regime  of 
~.e>3-c  x  106  ,  oshko  (I96l) ,  found  that  the  definite  frequency  of 
the  wake  differing  from  the  irregular  ccrive  rence  of  vortices  as  us¬ 
ually  observed,  prevails  and  the  turbulent  reparation  point  shifts  tc 
an  up  stream  position.  Thus,  the  separated  wake  region  recoir.es  oro- 
ader  and  forms  another  plateau  of  higr.  a rag  coefficient  as  seen  in 
Figure. I. 19.  It  is  to  09  noted  that  the  roundaries  0:  the  flow  re¬ 
gimes  described  are  approximate  and  depend  on  the  level  of  turbulence 
of  free  stream  and  on  surface  roughness.  Kalashnikov  and  Kudin  ( 1 969 ) > 
carried  out  experimental  studies  of  the  vortex,  using  a  polymer  solu¬ 
tion  in  order  to  reduce  the  friction  drag.  The  intensity  of  a  Karman 
vortex  caused  by  a  wire  exposed  tc  a  solution  of  polyoxyethylene,  was 
considerably  lower  than  that  of  wat.e'  flow,  ’"''he  random  pulsations  oc¬ 
curred  with  small  Reynolds  numbers. 

For  the  slender  bodv,  such  as  a  wedge  with  a  fixed  point  of  separa¬ 
tion,  the  effect  of  the  Reynolds  number  on  the  flow  characteristics 
is  less  than  those  of  a  blunt  body,  but  the  physical  aspects  are  not 
as  well-known.  For  the  wake  flow  downstream  of  a  wedge  the  first  in¬ 
stability  occurs  when  the  Reynolds  number  increases  up  to  sn,  80. 

The  flow  measurements  after  ReC£80  up  to  the  subcritical  Reynolds  num¬ 
ber  indicate  tha‘  the  characteristics  of  the  wake  of  a  wedge  are  similar 
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to  those  of  a  cylinder  and  for  a  wedge,  characteristic  points  are 
displaced  toward  large  Reynolds  numbers. 


1.4.2  Unsteady  Compressible  Separated  Flow 

As  the  free  stream  Mach  number  increases,  the  effect  of  the  Reynolds 
number  to  the  separated  flow  is  less  pronounced. 

For  M>1,  trailing  shock  occurs,  forming  a  neck  region  of  wake,  thus 
the  flow  field  differs  from  that  of  the  suosonic  flow.  The  discrete 
vortices  appear  downstream  of  the  neck  and  the  effect  of  periodic  mo¬ 
tion  on  the  base  flow  is  insignificant  as  Kuznetsov  and  Fopov  (1967, 
1968)  observed. 


1.4.3  Steady  Separated.  Flow 

The  characteristics  of  steady  separated  flow,  involving  reattachment 
on  a  solid  two-dimensional  surface,  such  as  a  step,  may  be  categorized 
in  the  following  three  zones: 

a.  zone  of  three-dimensional  separation  downstream 

b.  zone  of  two-dimensional  separation  where  the  fluid  flows  in 
reverse  direction  close  to  the  wall  and  parallel  to  the  direc¬ 
tion  of  free  surface 

c.  zone  of  periodic  changing  with  time  close  to  the  reattachment 
point. 

Roshko  and  Lau  (1965),  show  that  the  pressure  distribution  downstream 
of  different  geometrical  shapes  differ,  however,  an  universal  rela¬ 
tionship  independent  of  geometrical  shapes  can  be  established  by  cor¬ 
relating 


C  =  (  C 
P  P 


Pb 


)A  1  -  C  ) 
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with  ^espect  to  x/x^  where  xc  is  the  distance  to  the  reattachment 
point  as  shown  in  Fig. I. 21.  This  figure  also  indicates  similar  di¬ 
fferences  among  maximum  pressure  and  base  pressure. 


Bespalov  and  Khudenko  (1959).  Abra¬ 
movich  et  al,  (1961), Ukhanova  (1966), 
Akyl'oayev  et  al,  ( 1 969),  Ilizarova 
(1969)  and  McErlean  and  Przirembel 
(1970)  consider  that  distribution  of 
the  mean  streamwise  and  reverse  velo¬ 
cities  in  the  mixing  zone  are  governed 
by  the  principle  of  a  boundary  layer 
and  can  be  expressed  by  the  universal 
function  of  velocity  discontinuity. 

For  the  axisymmetric  flow,  the  univer¬ 
sal  pressure  distribution  along  the  axis 

0  =  (C  -C-  .  )/(C_  -C_  .  )  with 

p  p  Pmin  '  Pmax  Pmin 

respect  to  x=(x-x.)/(x  -x.)  where  x  is  distance  of  the 

r  min  '  c  min'  c 

point  of  deceleration  as  shown  in  Figure.!. 22.  by  Calvert  (1967). 

Figure. I. 22.  Universal  distribution 
of  pressure  along  the  axis  of  the 
axis  of  the  wake.  [  Calvert  (1967)J 

1—  e  =  0;  2— e  =  20°; 

3— 0  =  40°;  4—0  =  60°; 

5— e  =  90°;  6— e  =  180°; 

cylinder(l),  cones(2-5),  disk(6) 


Sekundov  and  Yakovlevskiy  (1970),  measured  the  temperature  down¬ 
stream  of  a  thin  plate  and  a  cylinder  and  formulated  the  temperature 
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distribution  ov 

T°  =  (T  -  Tra  )/(Tq  -  T0  )  =  exp  (-'/ft') 

where  Too  and  T  are  the  temperature  of  undisturbed  flow  and  on  the 
wake  axis  respectively,  y  is  the  lateral  coordinate  measured  from 
the  wake  axis  arid  Y  is  the  characteristic  width  of  the  temperature 
profile. 

Trie  magnitude  of  Y‘  is  ’elated  to  y'  cy 

OC  ^oo 

I2-  j  ,;aT°d»/ 

0  0 

2 

The  magnitude  of  Y  /x-0  (where  0  is  momentum  thickness)  is  the  cha¬ 
racteristic  intensity  of  thickening  of  the  wake  downstream  of  the  plate 
and  Mair  and  Maull(l97?)  found  that, 
for  laminar  wake,  Y“/x.Q  =  r(Pr.Re) 

n 

and  ror  turbulent  wake,  Y^ /x.0  =  const  ~  0.1. 

!n  order  to  study  more  details  of  transonic  flow  phenomena  Shvets 
(1972),  measured  the  pressure  distribution  and  the  ’’eattachment  point 
of  the  flow  past  a  wedge  on  a  plate  in  a  function  of  the  Mach  number 
as  shown  in  Figure. I. 23. 

The  pressure  distribution  is  qualitatively  in  agreement  with  Nash, 
^uincey  and  Callinan's  (1963)  experimental  data  for  a  step. 

At  first,  ia.se  pressure  drops  to  a  minimum  at  M  =  1,02  and  increases 
reaching  a  local  maximum  at  M  =  1.2. 

Transition  through  the  speed  of  sound  consists  of  three  phases  of 
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restTu.-turing  of  the  flows  formation  of  a  local  supersonic  zone 
in  the  region  of'  the  corners  (here  the  velocity  of  inviscid  fluid 
inside  the  mixing  layer  is  subsonic);  distribution  of  the  supersonic 
„cne  -or  the  entire  r ree  viscous  layer  (velocity  of  the  internal  flow 
;  t e>  : eattachment  is  subsonic);  transition  to  a  completely  super- 
!'o:. ;  ;  :  bow  past  a  surface  with  supersonic  velocity  downstream  of  the 
•railing  edge. 


Fig. I. 23-  Flow  behind  a  wedge  on  a  plates 
[Shvets  and  Shvets  (1976)3 

1 —  base  pressure  p/p^f  (M); 

2 —  5 — distribution  of  pressure  on  a  plate 
P/P«f  f(x/H)(2— M  =0.4;  3— M  =  0.6?  4 — M 

=  0.8;  5 — M  =  1.05);  6,7 — reattachment  points 
x JW  ~  f(M)  according  to  data  of  visualization 
and  measurement  of  pressure. 
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A  presentation  is  made  on  the  inviscid  flow  calculations  to 
evaluate  the  characteristics  of  the  separated  flow,  which  are  not 
usually  considered  in  the  contex  of  the  inviscid  flow.  The  separated 
flow  field  is  viscous  and  involved  with  the  viscous  mixing  of  the  out¬ 
side  inviscid  flow  with  the  inside  viscous  flow.  Thus,  the  analysis 
based  on  the  inviscid  flow  is  not  an  easy  one  due  to  no  clear  physi¬ 
cal  aspects  and  the  results  are  not  exact  and  limited  because  of  arti¬ 
fice  representing  dissipative  flow  by  ideal  flow.  The  justification 
of  the  inviscid  approach  is  ased,  among  others,  on  the  following  phe¬ 
nomena  and  flow  models,  base  flow  immediately  downstream  of  a  wedge 
exposed  to  supersonic  flow  can  be  studied  bv  an  inviscid  interaction 
between  a  supersonic  vortex  generated  by  the  boundary  layer  upstream 
of  the  wedge  edge  and  subsonic  vortices  adjoining  in  the  base  region. 
This  problem  is  similar,  to  a  certain  degree,  to  that  of  supersonic 
flow  past  a  blunt  fcodvj  although  the  elliptic  type  of  the  subsonic 
flow  equation  is  peculiar  and  for  the  solution  upstream,  perturbation 
should  be  considered. 

The  separation  stream  line  dividing  the  recirculating  flow  and 
the  streamwise  flow  can  be  considered  as  a  contact  surface  for  an  in¬ 
finite  Reynolds  number  corresponding  to  the  case  of  inertia  force  only. 
Furthemore,  this  maximum  solution  at  Re-raois  essential  for  asymptotic 
expansion,  uecause  effects  of  a  weak  viscous  interaction  can  be  studied 
systematically  by  referring  to  Re-*©»  .  Batchelor  (1956)  modeled  an  in¬ 
viscid  incompressible  flow  by  a  pair  of  vortices  rotating  in  opposite 
directions  in  the  neighborhood  of  the  base  section  and  Weiss'  (1967) 


model  of  the  inviscid  flow  expansion  of  the  boundary  layer  flow  is  cha¬ 
racterized  by  the  transonic  vortex  flow  occurring  in  a  flow  past  a  sharp 
angle  with  normal  and  tangential  pressure  gradients  in  the  neighborhood 
of  the  angle,  which  are  compara  le  to  those  equalizing  the  forces  of  pure 
inertia.  Experiments  of  Ohrenberger  (1968),  indicate  that  viscous  stress 
in  the  hypersonic  flow  expansion  is  negligible.  Erdos  and  Zakkay’s  (1971) 
flow  model,  indicates  that  although  vortices  are  created  in  the  base  re¬ 
gion,  viscous  stresses  and  diffusion  may  not  be  accounted  for. 

Amsden  and  Harlow  (1965),  applying  the  numerical  method  of  particles 
and  cells  calculated  the  time  dependent  development  of  two-dimensional 
and  cylindrical  wake  downstream  of  a  flat  based  projectile  flying  at  su¬ 
personic  speed,  not  considering  the  viscosity  effect  and  real  gas  pro¬ 
perties,  although  these  can  be  taken  into  account  in  the  calculations. 

The  governing  equations  based  upon  the  inviscid  approach  are  the  following 
conservation  differential  equations  of  mass,  momentum  and  energy,  omit¬ 
ting  the  viscosity  effect  and  heat  conduction. 

(  /  d  t)  +  (  u  v)  j3  =  -f  7U 

K'Ju/it)  +  f  (uv)u  =  -VP 
f  i/d  t)  +f  (u  v)l  =  -p^u 

For  the  calculation,  a  rectangular  grid  of  fixed  Euler  cells  is  used, 
through  which  the  fluid  moves.  The  fluid  is  characterized  by  Lagran- 
gian  points  of  mass  and  these  points  are  called  particles.  Each  parti¬ 
cle  carries  a  constant  mass  of  fluid  and  the  mass  of  fluid  within  each 
cell  is  equal  to  the  total  mass  of  particles  in  it.  Calculation  is 
carried  out  at  finite  time  intervals  and  at  each  step,  new  flow  para- 


meters  are  determined  as  follows: 


At  first,  referring  to  the  value  of  mass,  calculations  are  made 
for  volume,  specific  internal  energy  of  the  cells,  and  pressure. 

Then,  based  on  the  gradient  of  pressure,  two  velocity  components  are 
estimated,  comparing  with  theii  maximum  permissible  magnitudes.  At 
the  second  stage,  each  particle  position  is  changed,  referring  to  the 
estimated  velocity,  mass,  momentum  and  energy. 

The  progress  of  the  solution  is  recorded  at  given  moments  of 
time  in  the  form  o;  a  location  diagram  or  all  the  particles  and  other 
types  of  graphs  and  print-outs  of  the  cell  parameters.  For  example, 
a  grid  of  35  cells  in  height  and  ?0  cells  in  length  was  used  for  the 
computation.  When  each  calculation  is  completed,  more  than  36,000 
particles  have  passed  through  the  left  boundary  of  the  system. 

Weinbaum  (1966),  investigated  the  inviscid  behavior  of  a  super¬ 
sonic  vortical  flow  undergoing  a  rapid  expansion  oy  applying  the  me¬ 
thod  of  rotational  characteristics  and  clarified  phenomena  of  freshly 
separated  flows,  e.g.,  the  formation  of  the  separation  shock  wave  and 
structure  of  free  shear  in  the  base  region  downstream  of  a  sharp  cor¬ 
ner.  Dynamics  of  expansion  process,  except  in  the  immediate  vicinity 
of  the  wall,  are  controlled  largely  by  the  inviscid  pressure  mechanics 
as  evidenced  by  the  results  of  order  of  magnitude  analysis  of  the 
Navier-Stokes  equations  in  the  vicinity  of  a  corner  indicating  that 
viscous  terms  are  smaller  than  the  inviscid  terms  throughout  the  boun¬ 
dary  except  for  the  highly  viscous  sublayer  adjacent  to  the  wall.  Thus, 
the  use  of  inviscid  flow  analysis  is  justified  for  the  supersonic  por¬ 
tion  of  the  boundary  layer  expansion. 
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Since  the  entropy  gradients  normal  to  stream  lines  can  appear 
both  in  the  inviscid  flow  outside  the  boundary  layer  and  in  the  vis¬ 
cous  conducting  layer  close  to  the  body  surface,  due  to  a  free  stream 
non-uniformity  and  a  bow  shock  wave,  the  effect  of  the  entropy  gradi¬ 
ent  is  considered  for  the  investigation  of  behavior  of  a  vortical  flow 
in  the  rapid  expansion. 

'egardless  of  whether  the  shear  profiles  upstream  of  the  comer 
expansion  is  produced  by  a  curved  shock  wave,  by  shearing  stress  in  the 
;oundary  layer  or  both,  pressure  signals  emanating  at  the  comer  tra¬ 
vel  along  the  curved  Mach  lines  and  set  up  a  system  of  reflected  Mach 
waves  of  the  opposite  family.  Weinbaum  (1966),  used  physically  reason¬ 
able  approximations  in  o’-der  to  obtain  an  inviscid  analysis  for  the 
supersonic  flow  downst-eam  of  the  leading  Mach  wave.  The  reflected 
waves  which  influence  the  shape  of  the  dividing  stream  line  and  the 
location  of  rearward  stagnation  point,  are  studied  and  the  variation 
in  strength  of  the  primary  Mach  wave  along  its  length  is  determined. 

Some  of  the  original  reflected  waves  from  the  expansion  fan  are 
expansion  waves  that,  in  turn,  must  reflect  from  the  free  boundary  as 
compression  waves.  It  is  the  coalescence  of  these  compression  wave¬ 
lets  that  is  responsible  for  the  formation  of  the  separation  shock 
wave. 

A  numerical  rotational  characteristic  solution  for  the  expansion 
and  separation  at  Mach  number  3  with  turbulent  boundary  layer,  indicates 
that  the  method  of  rotational  characteristics  can  be  used  to  provide 
valuable  new  insights  into  freshly  separated  flow. 
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Weiss  and  Weinbaum  (1966),  carried  out  the  details  of  a  two-dimen¬ 
sional  and  axisymmetric  expansion  and  separation  of  a  hypersonic  boun¬ 
dary  layer  at  the  shoulder  of  a  blunt  based  body  assuming  the  expansion 
of  the  body  boundary  layer  is  inviscid  and  obtaining  numerical  results 
by  rotational  characteristic  calculation.  At  a  high  Mach  number,  the 
expansion  separation  process  dominates  the  entire  base  flow  producing 
a  non-parallel  vortical  region  that  extends  into  the  far  wake. 

Although  the  method  of  rotational  characteristics  is  a  powerful 
tool  to  analyze  many  aspects  of  separation  process,  it  provides  no  in- 
fromation  about  the  diffusion  of  momentum  and  energy  in  the  vicinity  of 
the  dividing  stream  line.  Nevertheless,  the  method  of  rotational  charac¬ 
teristics  well  describes  the  various  effects  caused  by  the  dominating 


inviscid  pressure. 
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Fig. T. 24.  Schematic  diagram  of 
shoulder  expansion  region. 
(Weiss  and  Weinbaum  (1966)) 


The  physically  realistic  mathe¬ 
matical  model  used  by  Weiss  and 
Weinbaum  (1966),  sketched  in  Fig. 
1.24,  is  the  same  as  that  of  Wein¬ 
baum  (1966).  For  the  model,  it  is 
assumed  that  =  1  stream  between 
a  and  c,  can  be  collapsed  into  a 
single  point  and  =  1  stream  line 
beyond  point  c  is  taken  to  be  a 
constant  pressure  surface  and  have 
the  shape  of  the  wall  or  dividing 


stream  line.  Numerical  character- 
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istic  computation  is  carried  out  based  upon  this  model. 

In  general,  if  normal  pressure  gradients  and  non-similar  boun¬ 
dary  layer  profiles  exist  upstream  of  the  comer  expansion,  the  com¬ 
plete  specification  of  initial  data  would  consist  of  initial  profiles 
for  the  velocity  components  and  any  two  state  variables.  However,  if 
normal  pressure  gradients  are  neglected  and  Crocco’s  similar  enthalpy 
profiles  are  assumed,  then  a  complete  description  of  all  flow  variables 
at  the  initial  station  can  be  obtained  from  the  velocity  profile  alone. 

The  variations  of  entropy,  vorticity  and  total  temperature  across 
the  stream  line  are  determined  uniquely  throughout  the  expansion  once  it 
is  described  on  the  initial  data  curve.  To  integrate  along  the  charac¬ 
teristic  curves  the  differential  expression  relating  dq  (magnitude  of 
velocity)  and  d0  (angle  the  local  flow  makes  with  axial  coordinate)  is 
given  and  iteration  is  performed  at  each  mesh  point.  Both  the  slope  of 
the  linear  segments  connecting  mesh  points  and  the  average  values  of 
flow  properties  along  each  line  are  corrected  using  values  obtained 
from  the  previous  iteration. 

Base  pressure  and  behavior  of  the  separated  flow  downstream  of  a 
blunt  based  wedge  and  a  cone  are  determined  uniquely  by  just  two  para¬ 
meters  of  the  Mach  number  of  external  flow.  Me  prior  to  expansion  and 
Re  of  boundary  layer  flow  at  the  separation,  but  at  very  large  Re 
where  the  curvature  of  the  dividing  stream  line  is  small,  the  effect  of 
separation  shock  wave  phenomena  is  negligible.  The  separation  influ¬ 
ences  strongly  the  base  region  and  its  characteristic  parameter  is  the 
ratio  of  the  shoulder  boundary  layer  thickness  to  the  shoulder  radius 


of  curvature  d  /r. 

Partial  cancellation  of  the  reflected  waves  occurs  prior  to  se¬ 
paration.  A  significant  portion  of  the  reflected  expansion  waves  pro¬ 
duced  in  the  primary  expansion  strikes  the  sphere  of  the  cylinder  sur¬ 
face  before  the  separation  point  and  reflects  as  expansion  waves.  The 
effect  of  these  waves  is  to  cancel  the  earlier  reflected  waves. 

The  iterative  method  for  the  solution  of  the  completely  coupled 
base  flow  problem  is  proposed  by  Weiss  and  Weinbaum  (1966)  who  state 
as  follows! 

The  characteristic  solution  provides  a  first  approximation  for 
the  shape  and  length  of  the  dividing  stream  line.  The  behavior  of  the 
flow  in  the  vicinity  of  this  stream  line  then  can  be  obtained  from  a  frem 
shear  layer  solution.  This  solution  yields  velocity  and  temperature 
distributions  and  the  stagnation  pressure  and  temperature  at  the  rear 
stagnation  point.  The  velocity  and  temperature  distributions  on  the 
dividing  stream  line  can  be  used  to  calculate  the  recirculation  region 
by  the  use  of  finite-difference  techniques.  The  resulting  pressure 
distribution  in  the  recirculation  region  must  be  consistent  everywhere 
with  the  pressure  distribution  in  the  outer  vortical  flow.  Hence,  a 
new  characteristic  solution  is  performed  and  a  new  dividing  stream  line 
shape  determined  which  satisfies  this  pressure  distribution.  A  second 
free  shear  layer  calculation  is  then  performed,  taking  account  of  both 
the  corrected  shape  of  the  dividing  stream  line  and  the  adverse  pre¬ 
ssure  gradient  in  the  recompression  region.  The  displacement  thick¬ 
ness  of  the  shear  layer  is  calculated  and  the  displacement  of  the  outer 
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rotational  flow  is  determined  for  the  next  iteration  on  the  inviscid 
flow.  The  corrected  pressure  distribution  is  obtained  from  a  second 
solution  of  the  recirculation  region,  based  on  the  corrected  values  of 
the  velocity  and  the  temperature  and  the  shape  of  the  dividing  stream 
line.  In  this  manner,  the  inviscid  flow,  the  shear  layer,  and  the 
recirculation  region  are  corrected  systematically  in  that  order.  The 
requirements  for  a  completely  matched  solution  are  the  continuity  of 
pressure,  velocity,  shear,  temperature,  and  heat  flux  across  the  divi¬ 
ding  stream  line*  the  degress  of  freedom  are  the  location  of  and  velo¬ 
city  and  temperature  distributions  on  these  stream  lines.  Such  a  pro¬ 
gram  is  rather  ambitious,  and  it  is  hoped  that  a  few  iterations  at 
most  will  result  in  "convergent"  and  useful  solution. 

Erdos  and  Zakkay  (1971).  analyzed  the  steady  laminar  near  wake  of 
a  slender,  two-dimensional  flat  based  body  at  a  hypersonic  velocity  wi¬ 
thin  the  context  of  an  inviscid  rotational  flow.  The  upstream  boun¬ 
dary  layer  is  considered  the  source  of  vorticity  convected  into  the 
base  region  but  neglecting  generation  of  additional  viscous  stress, 
there  heat  transfer  to  the  base  and  diffusion  of  the  vorticity. 

The  overall  structure  of  the  base  flow  pattern  is  the  result  of  an  in¬ 
viscid  interaction  between  the  subsonic  recirculating  flow  and  the 
outer  supersonic  rotational  stream.  Numerical  solutions  are  carried 
out  by  time-dependent  method  known  as  the  two-step  Lax-Wendroff  (i960) 
technique.  The  steady-state  solution  is  obtained  asymptotically,  cir¬ 
cumventing  the  complexities  associated  with  the  steady  problems. 

The  near  wake  flow  of  a  bluff-based  body  at  supersonic  flow  is 
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mixed  subsonic/supersonic  flows  involving  subsonic  recirculating  flow. 
Eros  and  .'akkay  (1971),  contributed  to  the  development  of  a  powerful 
numerical  method  to  solve  the  general  category  of  the  mixed  flows. 

The  steady  near  wake  problem  in  the  limit  of  vanishing  viscosity  is 
of  the  mixed  elliptic/ hyperbolic  type.  However,  this  problem  is  redact'd 
to  surely  the  hyperbolic  type  by  seeking  the  steady  state  solution  as 
the  asymptote  of  a  tine-dependent  problem,  subject  to  steady  boundary 
conditions . 

A  finite  difference  technique  of  Lax  is  used  and  since  the  solu¬ 
tions  of  hyperbolic  equations  wnieh  contain  surfaces  of  discontinuity 
are  not,  in  general,  unique,  uniqueness  is  a  consequence  of  imposition 
of  additional  constraint  not  implicit  in  the  governing  equations.  The 
Lax-Wendroff  technique  obtains  such  constraint  correctly  in  the  solution 
through  a  formulation  that  allows  the  differe-  tial  equations  to  satisfy 
the  conservation  laws,  within  the  accuracy  of  the  difference  approxima¬ 
tions.  The  solutions  obtained  through  its  use  are  considered  inviscid, 
because  the  effects  of  artificial  viscosity  are  confined  to  layers  of 
thickness  of  the  order  of  the  small  mesh  size  and  the  existence  of  a 
limit  can  be  demonstrated  as  the  mesh  size  is  progressively  diminished. 

The  conservation  equations  of  Tax  are  used  and  for  the  finite  dif¬ 
ference  formulation  the  lax-Wendroff  technique,  termed  the  two-step 
method,  is  applied. 

Comparisons  of  the  predicted  values  for  a  10°  wedge  at  (1*  =  6 
are  in  agreement  for  the  following  characteristics  with  the  experimen¬ 
tal  data  of  Batt  and  Kudota  ( 1969) *  base  pressure,  pressure  distribu- 
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•ion  normal  to  the  axis,  stream  line  pattern  in  the  near  wake,  a  Rey- 

4. 

nolds  number  based  on  the  wedge  height  as  low  as  1.4  x  10  and  an  adia¬ 
batic  wall  condition  and  static  pressure  distribution  along  the  wake 
center  on  the  cold  wall  condition  and  wake  location. 

Erdos  and  Zakkay  (.1971),  pointed  out  that  their  analysis  can  be 
easily  extended  to  incorporate  the  Navier-Stokes  equations  rather  than 
;.he  Euler  eruations  as  governing  conservation  laws,  with  minimal  change 
in  the  numerical  details.  However,  accurate  description  of  the  free 
sh-  ar  layer  along  the  dividing  stream  line,  of  the  flow  near  the  rear 
stagnation  point  and  of  the  boundary  layer  on  the  base  in  the  wake  re¬ 
quires  a  grid  size  of  the  corresponding  scale  and  use  of  an  appropriate 
coordinate  transformation  or  a  variable  grid  size,  which  is  probably 
essential  in  this  case. 

Khoroshko  (1969),  calculated  numerically,  by  a  method  of  finite  differ¬ 
ence  the  characteristics  of  laminar  and  turbulent  wake  flow  downstream 
of  blunt  bodies  exposed  to  hypersonic  speed,  evaluating  the  effect  of 
pressure  gradient  and  chemical  reaction  on  the  flow  parameters  in  a  ro¬ 
tational  external  flow.  The  results  also  show  that  the  effects  of  diffu¬ 
sion  on  the  flow  parameters  are  larger,  the  smaller  the  Re;  indicating 
that  at  low  free  stream  pressure  or  at  high  altitude,  a  perturbed  flow 
rapidly  encompasses  the  entire  region.  For  comparison,  the  change  of 
temperature,  density  of  electron,  velocity  for  laminar  and  turbulent 
fiOw  are  shown  in  Fig. I. 25  for  the  same  Re. 

Krayko  and  Tagirov  (1970),  investigated  the  optium  shape  of  the  two- 
dimensional  trailing  section  which  will  cause  the  minimum  wave  drag 


Figure  1.25  Change  in  tempera¬ 
ture,  density  of  electrons  and 
velocity  in  the  case  of  laminar 
(dashed  lines)  and  turbulent 
(solid  lines)  wakes 

[  Khoroshko  (1969)  3 
(0-10°  ,^7000  m/s):  1,3— u/u,  ; 
2,5~TVT0o  :  4— n 


for  a  given  lift  by  taking  account 
of  the  friction  force,  assuming  that 
the  base  pressure  is  given  in  a  func¬ 
tion  of  Mw  .  The  optimum  shape  of 

the  flat  trailing  section  evaluated  by 

9 

a  computer  when  Re  =  10  is  close  to 
the  contour  at  Re -*  <»  ,  corresponding 
ro  that  of  an  ideal  flow  with  no  fric¬ 
tion. 


2.1 .  Numerical  Experiment 

Presently,  numerical  experiments  are  being  progressively  expanded 
for  the  study  of  various  phenomena  described  by  the  equations  of  mathe¬ 
matical  physics. 

The  method  of  particles  in  cells  enables  the  study  of  the  complex 
phenomena  of  multicomponent  media  dynamics  particles  which  "follow" 
downstream  free  surfaces  and  lines  of  separation  involving  interaction, 
etc.  The  method  of  "large  particles”  applicable  to  gas  dynamic  problems 
is  described  by  Belo tserkovskiy  and  Davydov  (1971).  Using  the  method  of 
large  particles,  it  is  possible  for  a  single  algorithm  to  obtain  the 
flow  picture  past  bodies  of  various  shapes  with  a  broad  range  of  changes 
of  the  initial  conditions  at  subsonic,  transonic  and  supersonic  speeds. 
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Applying  the  method  of  large  particles,  Belotserkovskiy  and  Davy¬ 
dov  (1971,  1974),  carried  out  the  numerical  experiments  and  reported 
it  in  the  Nauka  Press  (1974),  edited  by  Belotserkovskiy,  (for  separated 
flow).  One  of  its  examples  is  shown  in  Fig. I. 26,  illustrating  the 
stream  lines  downstream  of  a  sphere  generated  by  incompressible  and  com 
pressible  flows. 


Figure  1.26  Stream  lines  in  a  base  region 
with  flow  past  a  sphere  of  compressible  (a) 
and  incompressible  (b)  fluid  (M  =  0.3) 

[  Belotserkovskiy  and  Davydov  (1974)] 

For  the  compressible  flow,  the  separation  zone  is  closed  and  localized 
downstream  of  the  body,  while  for  the  incompressible  flow,  the  separa¬ 
tion  zone  spreads  downstream  and  flow  is  unsteady  and  turbulent. 


In  this  section,  various  methods  used  to  evaluate  the  separated 
flow  characteristics  based  upon  the  separation  stream  lines  and  mixing 
layer  are  reviewed.  Since  the  methods  of  Chapman-Korst,  Nash,  Kirk 
(1959),  and  Denison  and  Baum  (1963)  etc.  are  described  in  P.  K.  Chang's 
cook,  Separation  of  Plow,  1970,  Pergamon  Press,  and  elsewhere,  no  de¬ 
tails  of  these  methods  are  given. 

The  flow  models  to  be  used  for  analysis  based  upon  the  separation 
stream  line  with  no  injection  of  fluid  into  the  base  region  and  with 
Injection  are  shown  in  Fig. I. 27a  and  Fig. I. 27b  respectively. 

The  external  inviscid  supersonic  flow 
region  is  divided  into  the  following 
characteristic  regions 1  Undisturbed 
flow  region  upstream  of  section  1,  se¬ 
parated  flow  region  in  the  base  with  a 
constant  pressure  (between  sections  2 
and  3).  a  compression  region  (between 
sections  3  and  4) . 

It  is  assumed  that  compression  takes 
place  isentropically  for  the  laminar  flow 
and  through  an  oblique  shock  wave  for  the 

turbulent  flow.  In  the  neglibibly  small 

a 

area  I  compred  to  the  body  height, a  tran¬ 
sfer  of  the  undisturbed  viscous  layer  to 
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Fig. I. 27.  A  picture  of  flow 
in  separation  method  without 
inflow  (a)  and  with  the  in¬ 
flow  (b)  of  a  mass  (dashed 
line  corresponds  to  the  boun¬ 
dary  of  an  inviscid  flow). 

[  Shvets  and  Shvets  (1976;] 


the  isobaric  jet  stream  takes  place,  compression  occurs  in  area  III 
and  the  mass  is  conserved  in  the  base  region. 


Stream  line  is  determined,  considering  the  conservation  of 

the  mass  as, 

/j 

Gi  *  j7  i  Uj  H  =  J  f  udy 


where  G.  is  the  injected  mass  flow  rate,  K  is  the  height  of  the  base 

section,  v .  and  v  are  normal  coordinates  of  the  separation  stream 
'  J  b 

line  and  the  line  of  constant  mass  during  injection,  respectively. 

When  0.  -  0,  then  .  =  (P  The  Chapman-Korst  analysis,  assuming  a 

zero  initial  boundary  layer  thickness,  predicts  the  asymptotic  base 
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pressure  at  large  Reynolds  numbers,  thus  for  Re  =  10  -  10  ,  a  good 

agreement  with  the  experimental  data  is  reached.  However,  since  the 
initial  boundary  layer  thickness  is  actually  not  zero,  the  finite  thick¬ 
ness  of  the  initial  boundary  layer  is  considered  as  a  parameter  of  the 
mixing  layer  and  reattachment.  The  velocity  profile  in  the  mixing  layer 
is  assumed  as  asymptotic.  Such  an  asymptotic  profile  can  be  located 
by  shifting  the  actual  stream,  upstream  at  a  distance  to  be  determined 
from  the  conditions  of  equal  mass  flow  and  motion  of  an  imaginary  invis- 
cid  stream  corresponding  to  an  actual  boundary  layer.  Sirieix  (i960) 
and  Dewey  (1965),  found  experimentally  that  the  compression  zone  is  not 
so  short  as  the  Chapman-Korst  model  assumes,  and  that  it  extends  1-2 
body  diameters  from  the  trailing  critical  point.  This  indicates  that 
there  is  need  for  improvement  by  considering  the  forces,  viscosity  and 
turbulent  friction  in  this  zone  where  the  pressure  gradient  is  large. 


Bondarev  and  Yudelovich  solution 

Bondarev  and  Yudelovich  (i960),  approximately  evaluated  the  in¬ 
crease  of  the  base  pressure  downstream  of  a  wedge  at  hypersonic  speed 
introducing  a  certain  "effective"  surface  parallel  to  the  free  stream. 
Effective  pressure  and  a  Mach  number  on  this  surface  were  determined 
by  considering  the  turning  of  a  Prandtl-Meyer  flow  at  an  angle  fi  en¬ 
closed  between  the  effective  surface  and  the  wedge  surface.  Approxi¬ 
mate  analysis  of  the  flow  past  a  wedge  at  hypersonic  speed  may  lead 
to  an  interesting  phenomena  of  the  base  pressure.  With  an  increase 
of  a  free  stream  Mach  number,  the  base  pressure  decreases  at  first, 
then  increases  rapidly,  approaching  the  free  stream  pressure.  This 
is  due  to  the  fact  that  at  hypersonic  Mach  numbers,  entropy  downstream 
of  the  oblique  shock  wave  increases,  causing  the  change  of  the  Mach 
number  on  the  wedge  surface.  Thus,  the  pressure  on  the  wedge  incresses 
proportionally  to  the  square  of  a  free  stream  Mach  number.  The 
total  level  of  the  pressure  downstream  of  the  wedge  increases  and  the 
base  pressure  exceeds  the  free  stream  pressure. 

Bondarev  (1964),  evaluated  the  base  pressure  by  taking  account 
of  the  boundary  layer  effect  and  compared  it  to  that  computed  assuming 
zero  thickness  of  the  boundary  layer  downstream  of  the  base  section, 
as  shown  in  Fig.I.2B. 

The  base  pressure  increases  by  cT a/H  and  the  effect  of  the  boundary 
layer  becomes  stronger  with  an  increase  of  the  Mach  number.  Bondarev 
(1964),  studied  the  effect  of  the  ratio  of  specific  heats,  If  ,  to  the 
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base  pressure  assuming  a  zero  : nitial  boundary  layer  thickness  in 
a  parameter  of  the  Mach  number  as  shown  in  Fig. I. 29. 


Fig. I. 28.  Relationship  of  base  pressure  to  the  thickness  of  the 
boundary  layer  in  the  separation  section!  £  Shvets  and  Shvets  (1976)] 

a — calculation  1 — M  =  4  [  Bondarev  (1964 ;  2 — M  =  3[Bondarev(l964)J ; 

3—  M  =  2[Bondarev(l964)]  ;  b~ M  =  2.025;  Prr  =  g  =  1 ;  Y-  1.4; 

4 —  calculationj"Tagirov(  1961  )J  ;  5 — calculation[Korst  et  al,(l955)]» 

6 — experiment(Sirieix( 196o)j  ;  c — 7,  8 — closure  conditions  according 
to  Korst,  according  to  Tagirov[Tagirov(l96l)J ;  9 — experiment,  M  = 
2.025[Sirieix(l960)J ;  10 — M  =  2  (see  chapter  I  Neyland(l969a)  ; 

11 — M  -  2.2[Badrinarayanan(l96l)J 


Fig. I. 29-  The  effect  of  the  ratio 
of  specific  heats  on  base  pressure 
[_  Bondarev  (1964)J 


Bondarev  (1963) .  computed  the  time  needed  to  establish  to  steady 
parameter  conditions  of  a  supersonic  separated  flow  downstream  of  a 
two-dimensional  surface  exposed  to  sudden  changes  of  an  external  flow 
pressure.  He  assumed  that  the  mixing  layer  flow  is  quasi-steady  and 
the  change  of  the  base  pressure  is  to  be  determined  by  filling  (or 
emptying  the  base  region  by  the  mixing  layer  fluid. 

r:.e  "a f\rov  solution 

rov  (■),  •y'-  '■ ,  obtained  the  simplified  analytical  solu- 

•■iins  for  the  pressure  and  the  temperature  in  the  base  region  oy  con- 
i.lering  the  initial  boundary  layer  and  by  dividing  the  entire  flow 
:  r  -a  into  five  zones. 

The  position  of  the  shock  wave  is  determined  at  the  intersection 

of  the  zero  velocity  line  ar.c,  the  axis  of  symmetry.  The  magnitude  of 

reattachment  angle  fc>  is  evaluated  !rv  sin  fc>  =  k  at  the  position  of 
c  c  c 

•he  minimum  reattaching  boundary  layer  thickness,  i.e.  at  the  condition 
■j *  a 6 i  dx  =  0.  The  symbol  kc  refers  to  the  mixing  coefficient  at  re- 
ittarhment  which,  is  taken,  for  simplicity,  to  be  equal  to  k,  in  the  iso- 

hari c  region. 

in  the  reattachment  zone,  the  in+  raction  of  the  external  inviscid 
flow  with,  trie  dissipativ  layer  is  evaluated  using  the  Crocco-Lees  the¬ 
ory  .  The  computed  base  pressure  in  the  absence  of  heat  flow  is  shown 
in  Fig. I. 30  in  comparison  wi.li  the  experimental  data. 

The  Korst  solution  of  base  pressure  is  for  £  -  0  in  the  mixing  zone 
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which  is  insignificantly  affected  by 
the  constant  empirical  parameter  of 
spread  rate  6  . 

For  the  computation  of  the  base  pres¬ 
sure  affected  by  the  initial  boundary 
layer  thickness  of  a  turbulent  mixing 
layer,  the  initial  velocity  profile 


•  .  .  T  .  rlationship  of 
rasp  pressure  to  the  V  number 
^'"tgirov  (1966)}  : 

* — conditions  of  closure  ac¬ 
cording  *o  the  Kovst  theo¬ 
ries; 

'■ — when  using  the  Prandtl- 
Xever  relationship; 

'--method  o‘‘  tangential  wedges 


after'  the  turning  is  given  by  l/n  power 

law,  vn  -  7  is  used  for  the  calculation) 

The  obtained  solution  is  given  in  a 

function  of  x.  Thus,  it  is  not  similar, 

and  the  effect  of  A  is  taken  into  ac- 
a 

count  through  the  non-self-similar  solu- 


i,  marks — experiment) . 

tion  in  the  turbulent  mixing  zone.  The 
predicted  base  pressure  is  compared  with  experimental  data  in  Fig.I.?8 
with  a  discrepancy  of  "0T  due  to  the  approximation  of  kc  =  k.  If  the 
Korst  analysis  is  used,  predicted  values  amount  to  1 . c  times  greater  than 
the  measured  data. 


The  solution  of  Neyland  and  others 

Yel'kin  and  Neyland  and  Sokolov  (1963),  using  two-dimensional  con¬ 
servation  equations  of  mass,  momentum,  and  energy,  attempted  to  solve 
the  laminar  base  pressure  downstream  of  a  wedge  exposed  to  a  high  Mach 
number.  By  taking  account  of  thermodynamic  equilibrium,  dissociation 
of  a  binary  mixture  of  atoms  and  molecules,  but  not  of  diffusion  as  well 
as  layer  thickness  in  the  laminar  mixing  zone,  a  self— similar  solution 
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of  ordinary  non-linear  differential  equation  has  been  obtained  bv 
using  the  Dorodnitsyn  transformation  and  a  computer. 

As  shown  in  Fig.  1. 31  and  1.3?.  when  1'.  oj  ,  then  p^/p^oo  . 
and  with  an  increase  of  wedge  thickness,  p  /p  ^  also  increases 
while  p^/pw,  (where  p^  is  the  pressure  on  the  wedge  surface)  becomes 
very  small. 


Fig. I. 31.  Base  pressure  be¬ 
hind  a  wedge  [Ye  j. ’kin  et  al 
(1963)] 


Fig. 1.3?.  Ratio  of  base  pressure 
to  pressure  on  the  wedge  [  Yel 'kin 
et  al  (1963)]  (the  point  corres¬ 
ponds  to  the  plate  when  M  =  •»  ) . 


The  base  pressure  downstream  of  a  blunt  edged  plate  is  given  by: 

-21 


P- 

where 


1 


+  r-i  £-1  .  /  ?  r 

?  r  V  (r+i)j  +  (r-i) 


r-i 


i  =  ( 
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It  is  noted  that  the  hypersonic  flow  principle  independent  from  M«, 
is  also  applicable  for  the  base  flow  downstream  of  an  arbitrary  body 
shape.  When  .  the  density  and  velocity  of  the  free  stream 

become  constant  and  the  pressure  as  well  as  the  speed  of  sound  approach 
to  zero.  At  a  large  Mach  number,  the  magnitude  of  flow  parameters  in 
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the  shock  layer  affecting  the  base  pressure  also  become  fixed,  thus 
confirming  the  hypersonic  principle. 

Ney land  and  Sokolov  (196*0,  investigated  the  behavior  of  the  base 
pressure  downstream  of  a  wedge  at  an  angle  of  attack  and  supersonic 
speed  and  presented  the  predicted  base  pressure  in  Fig. 1.33* 


a  10  20  -a* 

b 


ig.1.33-  Dependence  of  hase  pressure  bf lind  a  wedge  on 
the  angle  of  attack  £  Ney land  and  Sokolov  (1964)J 

'f  the  half-angle  is  large,  depending  upon  M ^  ,  the  shock  wave  on 

the  lower  part  detaches  and  the  base  pressure  increases  with  an  in¬ 
crease  of  the  angle  of  attack.  However,  if  the  half-angle  is  small 
and  the  Mach  number  on  the  upper  part  is  large,  then  the  base  pressure 
becomes  small  approaching  zero  and  the  shock  wave  remains  attached 
around  the  lower  surface.  The  base  pressure  reaches  a  maximum  value 
at  a  certain  angle  of  attack  and  drops  as  seen  in  Fig. I . 33 • 

Ney land  (1964),  obtained  the  self-similar  solution  of  the  non¬ 
linear  equation  of  motion  by  taking  account  of  compressibility  and 
heat  transfer  assuming  Pr,p  =  1,  For  the  turbulent  mixing  zone  the 
following  two-dimensional  steady  flow  equations  are  used. 


Pu?«  +  f  v?x  =  +  A  r  +  7 

?x  ->  a y  2x  dy  L  ^  "^y  J 


?J£h1  .,  ~*12£  =  0 

7>  x  T>  y 


"a  t 

-?U9“  + 


Pr 


1  \  #  /  T  \  ,  1  .3  ,  2T> 

”  ;  }?7  (^~  }  +  (  p^-  "  1  }^y  (£^y} 


where  T  refers  to  temperature  of  decelerating  flow.  For  the  case 


>f  isobaric  mixing,  since 


?_E  = 
D  x 


0. 


'7% 


2  u  .  ,  Pu  ,  ^  '  "2>  T _ \  ~i  T 

and  ?  -'at77-^\?7 


where  A  is  conductivity  of  heat,  the  governing  equations  are  con¬ 
siderably  simplified.  For  the  solution,  Prandtl's  mixing  length 
theory  and  Tollmien's  boundary  conditions  are  applied. 


The  McDonald  solution 

McDonald  (1965,  66),  studied  semi-empirically ,  a  two-dimensional 
and  axisymmetric  base  pressure  with  an  initial  turbulent  boundary 
layer,  assuming  the  isentropic  compression  of  the  separation  stream 
line,  ignoring  the  mixing  of  external  flow  with  a  viscous  layer  as 
well  as  the  effect  of  tangential  stress.  For  the  external  flow  passing 
through  the  viscous  layer  in  the  reattachment  zone,  the  Squire-Young 
formula  is  used,  assuming  that  thicknesses  of  displacement  and  mo¬ 
mentum  are  the  same  as  those  of  a  flat  plate  with  identical  condi¬ 
tions  . 
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The  Carriere  and  Sirieix  solution 


I 


Carriere  and  Sirieix,  in  order  to  compute  the  base  pressure, 
consider  the  angle  of  reattaching  flow  ©c  as  the  criterion  for  reat¬ 
tachment.  The  value  of  0^  which  satisfies  the  Korst-Chapman  condi¬ 
tion  is  smaller  than  that  measured  by  Carriere  (1965)  as  seen  in 


Fig. I .34. 


r 

9.  -j 


Siriex  (196?),  proposes  that  the  follow¬ 
ing  equations  of  0 be  used  after  con¬ 
sideration  of  viscous  effects  and  turn¬ 
ing  of  inviscid  flow, 

e  =  e  (M  )  +  c 
c  'a  q  d  cq 


is 


3,0 


Fig. I. 34.  Dependence  of 
the  reattachment  angle  of 
flow  on  the  M  number 
[Carriere  ( 1965) J  * 
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where  c  is  the  coefficient  of  injection, 

q 


1 —  two-dimensional  flow; 

2 —  reattachment  on  a  cone; 

3 —  reattachment  on  the  in¬ 
ternal  wall  of  a  cylin¬ 
der  (dashed  line — cal¬ 
culation  according  to 
the  Korst-Chapman  for¬ 
mula)  . 


0(M  )  is  the  angle  of  inviscid  flow 

cL 

turning,  q  the  mass  discharge  rate  into 
stagnation  per  unit  of  length  (a  =  f.u.), 

%)  *J 

the  streamwise  velocity  component,  0 
the  momentum  thickness  in  the  separation 
zone,  L  the  effective  length  of  mixing 
field  or  the  length  of  self-similar  layer.  This  criterion  of  reattach¬ 
ment  at  supersonic  speed  is  very  useful  in  practice  to  evaluate  the 
effect  of  a  mass  injection  at  a  low  velocity  and  a  small  discharge  in 
the  stagnation  zone.  The  predicted  base  pressure  using  this  criterion 
is  in  good  agreement  with  experimental  data. 
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A  comparison  of  results  obtained  by  Glotov  and  Moroz  ( 1970)  and 


j  Glotov  and  Lavrukhin  (197^+),  with  measured  data  of  8  =  f  (M) 

►  by  Carriere  (1965),  (where  0  is  the  angle  of  reattachment  on  a 

'  C 

channel  wall  of  inviscid  stream  evaluated  by  the  method  of  charac¬ 
teristics  for  measured  pressure),  indicates  that  in  the  self-similar 
’’low,  the  9^  value  agrees  for  practical  use,  although  its  nagni- 

- 

f  tudeis  larger  than  that  obtained  by  Sirieix,  Kirande  and  Delery 

(  ^1966)  using  Korst-Chapman  criterion  of  reattachment. 

■  Attempts  to  formulate  a  universal  relation  of  0^  =  f(K)  as 

well  as  xc  =  f(v)  applied,  for  example,  to  different  shapes  of  the 
channel  flow  downstream  of  sudden  expansion,  were  not  successful. 

The  reattachment  criterion  based  upon  the  magnitude  of  maximum  in- 
j  crease  of  relative  pressure  on  the  wall  did  not  lead  to  a  universal 

formulation. 

Kessler  solution 

Kessler  (1967),  derived  a  more  accurate  approximate  solution  to  the 
turbulent  two-stream  mixing  problem,  including  initial  boundary  layer 
effects.  For  this  solution,  only  an  empirical  similarity  parameter 
6  for  the  turbulent  mixing  is  needed  whereas  for  the  complete  solu- 

1  i  * 

,  tion  involving  initial  boundary  layer  by  Korst  and  Chow's  (1966)  equi¬ 

valent  bleed  concept  requires  the  knowledge  of  the  eddy  diffusivity 
which  was  not  available  in  1967. 

In  order  to  account  for  the  initial  boundary  layer  effects, 

Korst  and  Chow  (1966),  utilized  a  lateral  displacement  of  the  fully 

'  1 

4 
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developed  velocity  profile,  i.e.  a  profile  obtained  for  a  no  initial 
boundary  layer.  The  result  shows  that  the  '  'locity  profiles  from  the 
equivalent  bleed  method  do  not  agree  until  one  is  much  further  down¬ 
stream.  Since  the  origin  shift  gives  better  agreement  with  experi¬ 
mental  data  for  free  shear  layers,  Kessler  (1966)  extended  this  techni- 
cue  to  the  two-stream  mixing  problem. 

Kirk  (1959),  Nash  (lb62)  and  Hill  (i960),  have  proposed  to  shift 
the  origin  of  the  actual  physical  jet  upstream  a  distance  x^  to  an  ima¬ 
ginary  inviscid  jet,  i.e.  a  jet  with  no  initial  boundary  layer  on  a 
free  shear  layer.  The  criteria  for  determining  xq  is  that  the  mass 
flow  and  momentum  o1-  the  imaginary  jet  at  x  =  xq  are  respectively  equal, 
to  the  mass  flow  and  momentum  of  the  actual  attached  boundary  layer. 

In  Fig.T .35. ,  the  actual  physical  coordinates  of  the  real  mixing 
region  with  an  initial  boundary  layer  by  X  and  Y,  while  for  imaginary 
two-stream  inviscid  jet  by  P  =  X  +  xq  and  Q  =  Y  -  yQ.  Applying  conser- 
vation  of  mass  to  control  volume  shown  in  the  Fig. I. 35.  and  introducing 
the  boundary  layer  displacement  thickness  i  , 

h“a  Ba  '  »o>  *  ■  b°b  (:'o  -  TBb>  *  f  bVo  = 

f  O*  Vb  <-'n  ‘  <0 

where  subscripts  a  and  b  refer  to  conditions  of  the  primary  free  stream 
and  the  secondary  free  stream  respectively. 

The  application  of  conservation  of  momentum  to  the  control  volume  to- 

* 

gether  with  the  boundary  layer  momentum  displacement  thickness  cf m  at 
X  =  0.  leads  to  f  a'/  (  f  (yo-  YRt>)  *  f  ^*,1^ 

*  *&  C  >  *  fb“b  <-Y«b-  J.'b  > 
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By  solving  these  equations  for  xq  and  y^  and  introducing  dimension¬ 
less  velocities  <f  ^  =  u^/ua  and  'f\>  ~  Vt/Ua  ancl  boun(*ary  layer 

momentum  thickness  6  , 

■  [  SJ  -  rX  *  < rtA,a>r  ;?„]/(’  -  rb> 

[ea '  (  ft/hV  b(  X  ’Ol’ 

cva>  XX  i  O :  «WV»*> 

[  <fVfaVb'(1  -  V  J 

Once  the  origin  shift  to  the  imaginary  jet  is  determined,  then  the 
velocity  profile  of  the  mixing  region  can  also  be  determined  by  using 
the  momentum  intergral  technioue  of  Korst  and  Chow  (1966)  for  the 
"restricted"  case  (no  initial  boundary  layer).  Korst  and  Chow's  (1966) 
technique  uses  a  linearized  solution  of  the  boundary  layer  equation 
that  gives  a  velocity  distribution 

f  =  u/ua  =  0.5  [(1  +  fh)  *  (1  -  ^b)  erf  ^  ] 

where 

-  Z1.*2 

~h  -  ffy/x  and  erf  *  =  (  ~ ~  )  f  e  dE 

i  *  '  j 

o 

The  velocity  profile  is  considered  valid  in  an  instrinsic  coordinate 
system  (x,y),  which  is  located  relative  to  the  reference  coordinate 
system  (P,Q)  by  means  of  continuity  and  momentum  integrals. 

This  origin  shift  approximation  is  not  restricted  to  the  choice  of 
any  particular  velocity  profile  for  the  mixing  region.  However,  xq 
is  a  ^unction  of  the  selected  velocity  profile  depending  explicitly 
on  the  vertical  opponent  of  the  entrainment  velocity  v^. 

Hill  (1966),  showed  that  the  Kessler  (1967)  approximation  agrees  with 
the  experimental  single  stream  mixing  velocity  profile  for  X/0  ?7_5, 


but  for  the  two-stream  mixing  velocity  profile,  with  a  finite  initial 
boundary  layer,  no  experimental  data  was  available  to  confirm  the 
applicability  of  the  Kessler  (196?)  method. 


IMAGERY 
Jtl  - „ 


Fig.I.3c;-  tetermination  of  origin  displacement. 
[ Kessler  (1967) ] 


The  Tarnopol ' skiy  solution 

Tarnopol '  skiv  and  i.olikov  (1966),  calculated  the  boundary’  layer 
hhickness  using  a  self-similar  mixing  layer  and  shifting  a  distance  x'. 
The  extent  of  self-similarity  is  determined  by: 


where  subscript  j  and  t  refer  to  equivalent  self-similar  flow  and  the 
leading  point  of  a  body,  respectively.  The  momentum  thickness  09 
is  given  by  £ 

0„  = 


(i  -  —  )dy  = 
f  eUe  u*> 


/  (1  - 
yt  se  e  e 
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using  Ff  =  u/u 


e^(l-^)dy 
u  x  u 
>  e  e  e 


x  . 

-1 


i 


(1  -  F*)dF 


where  is  the  distance  of  the  equivalent  flow  and  x’  is  then  given 


bv 


e  @ 
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| j'  (t-F*)  dF 


t'i  J 

The  initial  momentum  thickness  of  the  boundary  layer  at  the  separation 
point  is  computed  by 


3e  u3e 


o  .  u,  8,  M -.2 

3  le  le  1  le 

where  subscript  t  refers  to  the  downstream  of  turning.  The  displace¬ 
ment  of  the  dividing  stream  line  in  a  function  o’’  0  is  computed  based 
upon  the  conservation  of  the  mass  between  the  separation  stream  line 
and  passim’  through  the  lower  bo'indary  of  the  mixing  zone  of  the  equi¬ 
valent  system  and  actual  layer  i.e. 

<  V  '*=0  '  1  “V  fl  Vo 

Fig. I. 35.  shows  u.  in  functions  of  Crocco  number  and  0  /H  for  Toll- 
J  a 

mien  flow  in  comparison  to  predicted  and  measured  data. 


Fig. I. 36.  Relationship  of  the  value  of  velocity  on  dividing 
stream  line  to  the  Crocco  number  (a)  and  base  pressure  to  the 
momentum  thickness  ( b, c)  [  Tarnopol 'skiy  and  Golikov  (1966)J  t 
1 — calculation  [  N ey land ( 1969a )}  2 — calculation  C  Tarnopol ’skiy 
1  and  Go likov(  1966)3  ;  marks — experiment  [  Neyland(  1969a)  ]  . 
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Lamb  and  Hood  solution 


A  simple  control  analysis  of  plane  turbulent  reattachment  in 
an  isoenergetic  base  separated  region  with  no  mass  bleed  was  deve¬ 
loped  by  Iamb  and  Hood  (1968)  who  obtained  a  wall  static  pressure 
distribution  prediction  in  reasonable  agreement  with  experimental 
data  up  to  K=4.A.  This  analysis  is  based  on  free  interaction  in 
'.he  reattachment  zone  utilizing  a  numerical  search  technique  to 
determine  the  condition. 

For  the  separated  flow  zone  downstream  of  a  rearward  facing 
step,  the  point  of  initial  interaction  is  considered  as  the  end 
of'  the  base  region  and  denoted  as  the  cutoff  station  of  the  con¬ 
trol  volume. 

The  conditions  that  must  be  satisfied  at  this  cut  off  station 

are: 

a)  the  zero  velocity  edge  of  the  mixing  zone  and  reverse 
flow  must  coincide. 

b)  mass  flow  rate  in  the  free  shear  layer  below  the  divi¬ 
ding  stream  line  must  equal  that  of  the  reverse  flow. 

The  former  condition  determines  the  relative  magnitude  of 

momentum  fluxes  and  pressure  forces  on  the  control  volume. 

Downstream  of  the  dividing  stream  line  reattachment  point, 
boundary  layer  redevelops  causing  the  wall  pressure  to  approach  a 
nearly  uniform  value.  This  redeveloping  wall  layer  is  governed 
primarily  by  the  geometry  and  inviscid  flow  downstream  of  reattach¬ 
ment. 
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In  the  past,  since  only  mechanical  energy  levels  are  considered 
in  the  escape  criterion  of  the  Chapman-Korst  model,  no  information 
about  the  pressure  distribution  near  the  reattachment  was  obtained. 
Lamb  and  Hood  (1968),  considered  the  possible  isentropic  stagnation 
of  the  dividing  stream  line  to  a  downstream  static  pressure  Instead 
of  the  original  Korst  model  which  attributes  the  downstream  static 
pressure  to  oblique  shock.  For  the  analysis  of  reattachment,  the 
comer  flow  effect  is  neglected  and  assumed  that  the  lower  portion 
of  the  shear  layer  can  be  treated  as  if  the  highly  distorted  free 
stream  is  not  present. 

Using  control  volume,  momentum  integral  equations  for  longitu¬ 
dinal  and  transverse  directions  are  written. 

For  the  analysis  of  the  pressure  distribution  downstream  of  reat¬ 
tachment,  which  is  scarce,  Lamb  and  Hood  (1966),  developed  a  simple 
analysis  applicable  for  all  types  of  external  flow  or  geometric  con¬ 
ditions  by  the  first-order  approach,  assuming  free  interaction.  In 
the  absence  of  any  impingement  of  shock  or  expansion  waves  from  the 
external  flow,  the  pressure  distribution  downstream  of  reattachment 
can  be  easily  determined  by  the  usual  coupling  of  inviscid  motion 
equation  with  intergral  boundary  layer  equation. 

Starting  from  the  reattachment  point,  a  step-wise  computation  is 
carried  out  until  the  local  pressure  becomes  essentially  constant. 

This  simple  procedure  is  justified  due  to  the  emphasis  of  pressure 
rather  than  the  details  of  viscous  layer.  In  order  to  estimate  the 
boundary  layer  parameters  at  the  reattachment  as  the  initial  condition 
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of  developing  layer,  Lamb  and  Hood  (1968),  postulate  that  due  to 
the  extermely  large  pressure  gradient  adjacent  to  the  reattachment 
zone,  the  growth  of  the  outer  portion  of  the  viscous  flow  is  negli¬ 
gible.  This  implies  that  the  mass  flow  above  the  dividing  stream 
line  at  the  cutoff  station  is  eouivalent  to  the  mass  flow  flux  at 
the  reattachment .  The  exact  velocitv  profile  at  the  reattachment 
is  not  know;,  out  the  integral  method  permits  considerable  latitude 
in  profile  specification.  Because  the  necessarv  integrals  are  avail¬ 
able,  and  its  shape  is  approximately  correct,  the  error  function  of 

the  shear  layer  analysis  may  be  chosen  so  that  the  shape  factor 
6* 

H  =  —  ‘or  incompressible  flow  is  approximately  equal  to  2,  which 
is  acceptable  for  separating,  and  reattaching  profiles. 

Lamb  and  Hood  '  -  8),  confirm  the  validity  of  Chapman-Korst  isen- 
tropic  escape  criterion  as  a  satisfactory  technique  for  identifica¬ 
tion  of  dividing  stream  line  rather  than  a  thermodynamic  specifica¬ 
tion  of  the  dividing  stream  line  stagnation  process. 

Calculation  of  the  axisymmetric  flow 

The  separation  stream  line  is  also  used  to  investigate  the  sepa¬ 
rated  flow  downstream  of  axisymmetric  body  by  Vereshchagina  (1963), 
Minyatov  (1961),  Mueller  (1 968)  and  Lumwalt  (1959)-  Furthermore,  Ta- 
girov  (196I,  66)  and  McDonald  (1966)  considered  the  effect  of  the 
boundary  layer. 

Vereshchagina  (1963),  Korst  (1956),  Minyatov  (1961)  and  Tagirov 
(1961)  assumed  that  a  mixing  layer  flow  develops  at  constant  pressure 
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but  Mueller  (1968)  and  Zumwalt  (1959)  considered  the  streamwise  pres¬ 
sure  rise. 

The  flow  downstream  of  axisymmetric  bodies  is  different  from  that  of 
two-dimensional  surfaces  and  its  flow  study  in  the  vicinity  of  the 
axis  of  symmetry  is  difficult  because  expansion  waves  in  the  trailing 
edge  are  curved  and  flow  parameters  in  the  expansion  region  are  not 
only  dependent  on  the  angle  of  inclination,  out  also  on  the  previous 
history  of  upstream  flow  and  the  Mach  line  passing  through  the  point 
being  considered.  'r'he  boundary  of  inviscid  ^low  is  curvilinear  and 
its  shape  is  determined  from  the  constancy  of  pressure  along  this  sur- 
face.  The  free  surface  can  not  be  constructed  for  the  supersonic  flow 
right  up  to  the  axis  of  symmetry. 

Zavadskiy  and  Taganov  (1968),  studied  the  axisymmetric  laminar 
flow  separation  occurring  on  the  leading  section  of  the  needle  shaped 
axisymmetric  body  with  a  small  reattachment  zone  at  supersonic  speed. 
For  the  reattachment  flow  at  the  angle  of  attack,  fhapman-Korst  con¬ 
ditions  are  applied  in  order  to  determine  the  local  stream  line  and 
the  total  oressure.  The  magnitude  of  pressure  in  the  separation  zone 
was  determined  from  the  conservation  law  of  mass.  Tc  overcome  the 
difficulties  involving  axi-symmetric  flow,  three  approaches  are  pro¬ 
posed:  the  first  is  the  application  of  an  experimental  curve  of  thick¬ 
ness  variation  of  the  wake  neck  in  a  function  of  the  Mach  number  as 
Gogish  (1968)  suggests;  the  second  is  as  Vereshchagina  (1963)  and 
Minyatov  (1961)  did,  the  radius  of  the  wake  neck  is  approximated  to  be 
equal  to  0.5  radii  of  the  protuberance  not  depending  on  the  Mach  num- 
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ber;  the  third  is  the  position  of  the  shock  wave,  to  be  approximated 
at  the  intersection  of  lines  of  zero  velocities  (lower  boundary  of 
the  mixing  zone)  with  the  axis  of  symmetry  as  Tagirov  (1961)  proposes. 

One  may  approximate  pressure  in  a  function  of  flow  fuming  angle  using 
the  Prandtl-Heyer  equation  taking  account  of  the  stream  line  turning 
of  an  axi-symmetric  flow  as  Webb  ( 1 968 ;  did. 

Kimasov  and  Korzhuk  (1969a),  found  that  by  numerical  calculations 
of  the  free  surface  downstream  of  cones  of  various  half-angles  and  free 
stream  Mach  numbers  that  the  pressure  in  the  base  region  is  constant 
only  for  a  distance  eaual  to  O.3-O.5  lengths  of  separation  zone.  Thus, 
the  flow  model  with  constant  mixing  layer  pressure,  oblique  shock  and 
isentropic  flow  applied  for  two-dimensional  cases  is  doubtful  for  axi- 
symmetric  flow,  because  of  strong  compression  requiring  a  new  analy¬ 
tical  model. 

!f  the  pressure  in  the  base  area  is  assumed  constant  and  corres¬ 
ponding  inviscid  stream  is  considered,  then  its  boundary  is  not  straight 
as  the  case  of  two-dimensional  flow  and  reattachment  angle  0c  depends 
on  the  reattachment  position.  The  boundary  of  the  inviscid  flow  may 
be  determined  by  the  method  of  characteristics  but  one  can  approxima¬ 
tely  fix  the  boundary  by  a  conical  surface.  Kimosov  and  Korzhuk  (1969a), 
used  Mangier 's  transformation  for  an  axi-symmetric  mixing  layer  and  ob¬ 
tained  a  velocity  distribution  along  the  separation  stream  line  as  seen 
in  Fig. I. 37  and  the  base  pressure  in  Fig. I. 38  which  is  computed  as¬ 
suming  isoenergetic  flow  using  conditions  of  Nash  (N  =  0.35)  and  McDo¬ 
nald  (1965)  of  reattachment. 
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Fig. I. 37-  Distribution  of  velocity 
on  separation  stream  line  for  free 
turbulent  mixing  [Shvets  and  Shvets 
(1976)]  (dashed  line— -parabolic  pro¬ 
file  [ Alber  and  Lees  (1968)],  dashed 
dotted  line — 31asius  profile). 


Fig. I. 38.  Base  pressure  in  an  axisymmetric  supersonic  flow 
(1 — 4 — calculation;  5 — 10 — experiment) :[  Shvets  and  Shvets  (1976)J 
1— [Minyatov(l96l)]  ;  2—  [Vereshchagina(  1963)]  ;  3"[Kimasov  and 
Korzhuk(  1969a)]  ;  4 — [McDonald(  196.5)]  ;  5— [Roshko  and  Thomke(  1966)]  ; 

L/rb  =  10,  ReL  =  3  ■  1 06 — 5  •  106  [  Chapman(l950)j  ;  7— L/rfe  =  10, 
fie^  =  3  •  106 — 6  •  106  [  Chapman(1950)J  ;  8 — L/r^  =  12,  Re^  =  2  •  lO^1 
— 4  •  106  [ Chapman (1 950 )J ;  9~L/rb  =  18,  ReL  =  9.9  •  106[Graham  and 
Binion(l964)]  ;  10— L/r  =  24,  Re,  =  5  •  106— 7  •  106[  letter  et  al 


N on-isothermal  flow 


The  complex  base  flow  problems  involving  heat  transfer  are 
not  solved  at  the  present  time.  In  the  available  analysis,  the  iso- 
energetic  mixing  is  assume^.  Although,  due  to  non-isothermal  mixing, 
this  assumption  does  not  correspond  to  the  actual  process  as  Avdu- 
evskiy,  et.  al.  (l9t'0)  state  referring  to  their  study  on  tempera¬ 
ture  layer  of  mixing. 

Abramovich  et.  ai.  (1974),  obtained  solutions  by  a  self-similar 
approach  for  two  uniform  flows  at  one  temperature  but  for  Pr  -  1 
and  Pr  j  I . 

for  the  first  case,  the  solution  is  simpler  because  by 


the  profiles  of  enthalpy  and  velocity  are  related. 


Peceleration  downstream  of  the  isobaric  zone  is  not  adiabatic.  Thus,  the 


case  pressure  is  dependent  on  the  base  temperature,  but  based  upon 
the  experimental  findings,  the  temperature  in  the  base  region  may  be 
considered  constant,  if  the  thin  thermal  boundary  layer  on  the  wall 
is  neglected.  The  base  temperature  is  computed  using  equations  of 
thermal  balance  between  heat  of  injected  gas  and  heat  to  the  wall  in 
the  stagnation  zone. 

Murzinov  (1970),  approximated  the  temperature  in  the  base  as 
shown  in  Fig. I. 39,  and  compared  with  Cresci  and  Zakkay’s  results  re¬ 
ported  by  Baum  et.  al.  (1964).  Murzinov  (1970),  used  the  method  of 
mean  mass  of  Lunev  (1967)  for  arbitrary  initial  profiles  of  velocity 
and  enthalpy.  Using  the  concept  of  dividing  stream  line  and  computing 
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thermal  flow  and  its  effect  to  the  base 


pressure,  the  following  problems  are 
solved j  turbulent  supersonic  flow,  (Ta- 
girov  (1963)),  laminar  and  turbulent 
flows  past  cones  and  wedges,  (Nevland, 
(1964)),  evaluation  of  effect  of  tur¬ 
bulent  boundary  layer  thickness  at  the 
separation  point  on  the  base  pressure 
(Kirnasov  and  Korzhuk  (1969a)),  and  ef- 


Fig.I .39-  Temperature  of 
gas  in  a  base  area  [  Murzi- 
nov(l970)]  i 

1 — calculation  £  Baum  et  al 
(1964)]  with  initial  Blasius 
profile;  2 — calculation [Baum 
et  al(l964)J  with  calculation 
of  turning  of  the  initial  pro¬ 


iect  of  hypotheses  of  turbulence  to  the 
base  pressure. 


file  around  the  base  section; 

3 — calculation  [  Murzinov( 1970)J , 
cone  0  =  10°,  M  =  11.8;  4 — 


calculation  taking  dissipation 
into  account  [  Murzinov( 1970)]; 
S — experiment,  cone  8  =  10°, 

M  =  11.8  [ciick(l964)J 


4.  Integral  Methods 


The  ordinary  boundary  layer  theory  is  not  applicable  to  the 
separated  flow  because  of  the  strong  interaction  of  the  inviscid 
flow  with  the  viscous  flow  close  to  the  body  surface  or  wakes. 

Hence,  it  is  not  possible  to  determine  the  distribution  of  the  sta¬ 
tic  pressure  for  the  separated  flow  region  by  the  inviscid  flow  so¬ 
lution.  Thus,  the  a  priori  unknown  distribution  n.f  the  static  pres¬ 
sure  for  tne  separated  flow  region  must,  be  evaluated  by  a  combined 
solution  of  external  inviscid  flow  and  viscous  flow. 

The  viscous  flow  of  the  separated  region  involves  a  reverse  flow 
complicating  the  problem.  For  this  complex  problem,  integral  methods 
are  applied  for  its  solution.  Much  of  the  investigation  using  the 
integral  methods  have  been  carried  out  in  the  U.S.A.  For  the  super¬ 
sonic  flow,  the  interaction  c“  the  inviscid  flow  with  the  viscous  flow 
mav  be  studied  as  fellows:  The  inviscid  flow  region  is  considered  as 
isentropic  and  the  viscous  ■f’low  region  is  investigated  by  the  boun¬ 
dary  laver  theory.  Then,  the  parameters  on  the  external  edge  of  the 
boundarv  layer  are  calculated  along  the  boundary  of  the  inviscid  flow 
which  is  located  apart  from  the  solid  body  at  a  distance  of  the  boun¬ 
dary'  layer  thickness  or  displacement  thickness. 

For  the  external  isentropic  supersonic  flow,  if  the  inviscid  flow 
is  expressed  in  dimensionless  form,  the  parameters  of  the  outer  edge 
of  the  viscous  region  are  determined  by  the  local  behavior  of  the  boun¬ 
dary. 

At  first,  the  development  of  integral  methods,  applied  to  super¬ 
sonic  separated  flow  in  the  U.S.A. ,  is  briefly  outlined  and  their  in- 
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vestigations  in  the  U.S.S.R.  are  summarized. 


In  1952,  Crocco-Lees  analytically  modeled  the  inviscid-viscous  in¬ 
teraction  in  two  separate  fields  as  shown  in  Fig.1.40. 


Figure  l.ho.  A  diagrammatic  concept  of  isentropic 
(l)  and  dissipative  (?)  flow  in  a  base  region  [_  frocco- 
Lees  (195?) J 


The  field  of  the  viscous  flow  has  the  thickness  d  ,  (.here,  &  repre¬ 
sents  the  separated  flow  over  the  solid  body,  the  physical  boundary 
layer  thickness  and  for  the  wake  downstream  of  a  body,  the  transverse 
distance  between  external  boundary  of  the  viscous  layer  and  the  axis 
of  symmetry  of  the  body),  and  its  outer  boundary  is  inviscid  isentro¬ 
pic  flow. 

For  two-dimensional  supersonic  steady  flow,  the  distribution  of  static 
pressure  in  the  separated  flow  region  is  given  by  the  Frandtl-Meyer 


equation , 


dp/p  = 


d© 


c 


where  ©  is  the  angle  between  the  flow  velocity  vector  along  the 
external  boundary  of  the  viscous  layer  and  the  wall.  It  is  assumed 
that  I'r  =  1,  enthalpy  is  constant,  M»T  and  ?p/?y  =  0  in  the  sepa- 


BO 


rated  flow  region.  As  seen  later,  the  assumption  of  "Sp/^y  =  0 
may  not  be  valid  in  the  recompression  region  £ Sharmroth  and  McDonald) 
(197?) J  .  Crocco-Lees  (1952),  expressed  the  boundary  layer  equation 
in  an  integral  form  using  a  family  of  parameter  K  =  (  £  -  <5  -  0)/(cf  -  &  ) 
and  determined  the  static  pressure  distribution  along  the  external 
noundarv  of  the  viscous  layer  by  establishing  a  relation  between  K  (x) 
and  local  momentum  thickness  6,  introducing  the  mixing  coefficient 
K  =  (d  £ /dx  )  -  (TO  ...  This  angle  (H)  ^  is  determined  similar  to  the  phy¬ 
sical  lv  possible  stream  line  satisfying  the  condition  of  passage  of  the 
integral  curve  of  the  equation  through  a  singular  point  (whose  solu¬ 
tion  has  a  family  of  integral  curves  expressed  in  parameters  of  ®  c) • 
This  singular  point  is  analogous  to  the  throat  at  Mach  number  1  of 
the  converging-diverging  nozzle.  Although  in  general,  its  position 
may  not  coincide  with  the  narrowest  cross-section  of  the  mixing  zone. 

Since  Croeco-Lees  analysis  contains  the  semi-empirical  equation 
for  k  *  Lees  and  Reeves  (I9^d)  proposed  to  use  the  additional  integral 
relation  of  t'ne  energy  ecuation  instead  of  the  equation  of  K  . 

The  equation  of  the  stream  line  inclination  along  the  external 
boundary  of  the  viscous  layer  at  y  =  /  ,  assuming  isent.ropic  '.low  is 
given  bv  the  Prandtl-Mever  relation  in  a  function  of 
©  =  V>(  M  )  -  ✓(Mj 

J  =  [  arctan  (^) 2  {U?  -  l)2J  -  arctan(M^  -l)? 

Unknown  parameter  M  which  is  to  be  detenined  by  the  condition  of 
passage  through  the  singular  point.  The  predicted  laminar  flow  pre¬ 
ssure  distribution  p/pc>  where  pc  is  pressure  at  the  wake  throat,  along 
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the  dividing  stream  line  and  thickness  of  a  wake  6 /,H  (H  is  half  the 
base  height  of  the  body)  for  an  adiabatic  near  wake  is  shown  in  Fig.1.41 


The  process  of  compression  in  the  lami¬ 


nar  separated  region  is  not  isentropi- 


i 


Figure  T.41 .  Distribution 
of  static  pressure,  velo¬ 
city  along  a  dividing  stream 
line  and  thickness  of  the 
wake :[ Reeves  and  lees  (.  1 91'  '")/ 
“.--reparation  point 
2 — Section  of  reattaohment 
together  (p  — is  pressure 
in  the  region  of  the  neck 
of  the  wake. 


callv  affected  by  Reyrtolac  numbers.  Thus 
Reeves  and  bees  determined  the 

Reynolds  number  effe 't  caused  by  non- 
iser. tropic  .:ompression.  '.'he  length  of 
compression  and  the  degree  of  deviation, 
of  compression  from  that  f  ‘he  isen- 
t-oric  one  depends  mainly  or.  the  thick¬ 
ness  of  the  free  viscous  layer  upstream 
of  comp re  =ion.  Therefore,  with  an  in¬ 
crease  of  Reynolds  number,  the  effective¬ 
ness  of  the  compression  process  and  base 


pressure  increases. 

Aloer  and  lees  v“?68),  further  investi¬ 


gated  the  invis  id-vist ous  interaction 


laminar  supersonic  se  pa -a  ted  'flow  downstream  of  a  rearward  facing 


step.  A  turbulent  edd"  viscosity  is  : onnulated  simply  by  one  incom¬ 
pressible  constant  applicable  tor  both  the  shear  layer  and  wake,  and 
one  reference  densitc  P  ;  i.e. 


K.i'  e 

0  e 


where  is  a  universal  constant  amounting  to  0,06  ~  0  00^-.  Lees  and 
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Alber  considered  that  the  tip  shock  separates  the  outer  part  of  the 
expanding  boundary  layer  from  a  new  viscous  sublayer  formed  just  below 
the  edge  of  the  step.  This  sublayer,  whose  thickness  amounting  to 
about  10-20$  of  the  initial  boundary  layer,  develops  as  a  free  shear 
layer  into  a  region  of  recirculating  flow  at  a  constant  pressure.  As 
the  mixing  layer  approaches  the  axis,  the  shear  layer  turns  parallel 
to  the  center  line  and  induces  a  pressure  rise  in  the  external  flow. 

The  analytical  solution  is  given  from  a  condition  of  its  passage  through 
the  critical  point  and  the  predicted  pressure  along  the  the  axis  and 
the  position  of  critical  point  by  Alber  and  Lees  (1968)  and  the  mea¬ 
sured  data  by  Badrinara.yanan  (1961)  are  shown  in  Fig.  1.42.  The  mea¬ 
sured  pressure  in  the  base  region  is  lower  than  the  predicted  value 
because  of  the  non-isentropic  actual  flow. 

Grange,  Klineberg  and  Lee6  (196?),  pre¬ 
dicted  the  a  priori  unknown  location 
of  separation  on  the  blunt  body  and 
entire  near  wake  region  of  laminar  com¬ 
pressible  flow  without  the  introduction 
of  additional  ad  hoc  assumption  or  floa¬ 
ting  parameters.  Based  upon  the  Reeves 
and  Lees’  (1965)  integral  method,  empha¬ 
sizing  the  strong  inviscid-viscous  in¬ 
teraction,  the  analysis  is  carried  for 
the  separated  flow  sketched  in  Fig. I. 43a. 
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Figure .1.42  Distribution 
of  pressure  along  the  axis 
for  a  turbulent  flow  in  a 
base  region  when  M  -  2.07 
[  Alber  and  Lees  (1968)J 
1 — Calculation 
? — Experiment  (position  of 
the  trailing  critical  point* 
t^— calculation  tg— experi¬ 
ment  [ Badrinarayanan  (1961) ] 


j? 


la  order  to  obtain  a  coaplete  solu- 
tion  to  the  base  flow  problem  for  a  blunt 


body,  it  is  necessary  to  join  the  sepa¬ 
ration  region  to  the  constant  pressure 


mixing  region  and  the  near  interaction 

Figure. I. 43a  Separation  and 

near* wake  interaction  re-  zone.  The  interaction  viscous  flow  over 
gions  for  a  blunt  body  at 

hypersonic  speeds  (schematic),  the  blunt  body  is  shown  schematically 
[  Grange,  Klineberg  and  Lees 

(1967)3  analogous  to  the  converging-diverging 


I*'  THROAT 
(BODY) 


2«°  THROAT 
(WAKE) 


nozzle  in  Fig. I. 43b.  This  analogy  is 
based  upon  the  following  findingst  around 
17  the  cylinder,  the  flow  becomes  supercri- 


subcbdical  "  SuptRcHitic»i.-4^  subcritical  — i  supeRCRincAL  tical  at  a  point  about  97°  measured  from 


the  forward  stagnation  point  but  the  flow 

Figure  I.43b  Schematic  re-  in  the  near  wake  is  initially  5ubcritical. 
presentation  of  interaction 

viscous  flow  over  blunt  body.  a  jump  of  97°  U  required  in  order 

\  Grange,  Klineberg  and  Lees  ^  ^ 


(1967)3 


to  join  the  supercritical  viscous  flow 
over  the  body  to  the  initially  subcri- 


tical  wake  flow.  Crocco-Lees  (1952),  found  that  the  near  wake  at  the 
rear  stagnation  point  is  subcritical,  but  passes  through  a  throat  into 
the  supercritical  region  downstream  of  the  rear  stagnation  point. 

Rigorous  analytical  solution  requires  the  evaluation  of  the  boun¬ 
dary  layer  development  starting  at  the  forward  stagnation  point  taking 
into  account  the  interaction  with  external  flow,  but  since  this  problem 
is  a  formidable  one  in  itself,  Grange,  et.al.  (1967),  instead,  adoped 
the  procedure  of  Reeves  and  Lees  (1965)  and  regarded  M  (x)  as  given  up 
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to  the  jump  location. 


Figure. I. 44.  Comparison  of  theory 
with  McCarthy's  experiments 
[Grange,  Klinegerg  and  Lees  (196?)] 


OiSTANCE  AlONl,  tLOW  AXIS  FHOM  CYLINDER  CENTER  i* 


Figure. I. 45.  Near-wake  interac¬ 
tion  region. 

£  Grange,  Klineberg  and  Lees( 1967)3 


The  predicted  pressure  distribution, 
velocity  and  shear  layer  thickness 
for  the  adiabatic  circular  cylinder 
at  =  6  and  ^  4  x  10  compared 
with  ezperimental  data  of  McCarthy 
(1962)  are  shown  in  Fig. I. 44  and  1.45. 

The  predicted  base  pressure  is  some¬ 
what  low  but  the  location  of  the  sepa¬ 
ration  point  on  the  cylinder  is  pre¬ 
dicted  quite  accurately. 

Grange,  et.al.’s  (1967),  general 
method  is  applicable  not  only  to  blunt 
bodies  but  also  to  slender  bodies  with 
smooth  hases,  provided  only  that  the 
radius  of  curvature  at  the  base  is  lar¬ 
ger  compared  to  the  boundary  layer  thick¬ 
ness. 

In  Fig. I. 45,  the  subscript  N  refers 
to  neck  condition,  U  40(1 

U=u(a^/a#)  Stewartson’s  transformed  velo¬ 
city  and  a  is  the  velocity  profile  para¬ 


meter. 

Shamroth  and  McDonald  (1972),  analyzed  the  recompression  region 
flow  of  a  supersonic  two-dimensional  turbulent  near  wake.  Since  both 
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theory  and  experiment  indicate  that  in  the  near  wake  re compression 
region,  even  at  moderate  supersonic  Mach  numbers,  a  large  transverse 
pressure  gradient  exists,  particularly  in  the  turbulent  flow.  Sham- 
roth  and  McDonald  (1972),  considered  this  transverse  pressure  gradient 
in  their  analysis  by  assuming  a  proper  static  pressure  profile,  im¬ 
proving  the  other  investigator’s  analysis  which  assumed  a  zero  trans¬ 
verse  pressure  gradient. 

The  governing  equations  for  five  parameters  U^x) ,  Ue(x),  6  (x) , 
CpCL(x)  and  (3p/3y)e(x)  where  subscripts  m  and  CL  refer  to  the  wake 
center  line  ares 

for  the  relation  between  streamvise  and  transverse  pressure  gradients, 
*Pe/ax=  (-1//  Me2-1)  (?P/7y)e 

for  the  flow  angle  at  the  outer  edge  of  the  shear  layer 
tan  >>  =  (-1/f  eUe)^  ^7  *  ** 

for  the  pressure  difference  obtained  from  the  transverse  momentum  equ¬ 
ation  with  the  aid  of  continuity, 

P(x.0)  =  A  PCL(x)  =  J  uvdy  +  feVe  [tan 0  g  -  g  J 

0 

and  two  other  equations  are  those  derived  by  Shamroth  (1969). 

The  two  usual  integral  equations  are  replaced  by  two  new  equations  of- 
tained  from  a  modified  strip  method  for  conservation  of  streamwise 
momentum.  The  said  replacement  is  needed  because  the  Kantian  momentum 
integral  equation  and  the  kinetic  energy  integral  equation  place  a 
physically  unrealistic  constraint  upon  the  solution. 

Although  a  straightforward  treatment  of  these  equations  results 


in  the  appearance  of  a  singularity  analogous  to  Crocco-Lees  critical 
point,  Shamroth  and  McDonald  (1972),  show  that  two  analytical  solu¬ 
tions  can  be  obtained  which  do  not  exhibit,  a  singular  behavior.  One 
solution  is  given  as  an  initial  value  problem  by  properly  approxima¬ 
ting  the  term  containing  the  upstream  influence  and  the  other  as  a 
boundary-value  problem  in  the  vicinity  of  the  streamwise  station 
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- - i*ANCH  SOLUTIONS  WHEN  EQUATIONS 

A*S  SOLVED  AS  SIMPLE  INITIAL  VALUE 
PROBLEM 


SOLUTION  WHEN  UPSTBEAM  INflUCNCf 
tl«M  IS  APPROXIMATED 


INITIATION  OF  RECOMPRESSION,  x/5; 

Figure  I. 46.  Predicted  streamwise  distribu¬ 
tion  of  wake  parameters  when  equations  are 
solved  as  initial-value  problem  and  term  con¬ 
taining  upstream  influence  is  approximated 
(Shamroth  and  McDonald  (1972) J 


BRANCH  SOLUTIONS  WHEN  EQUATIONS  ARC 
SOLVED  AS  SIMPLE  INITIAL  VALUE  PROBLEM 


I  TUN 


BOUNDARY  VALUE  PROBLEM 


LOCATION  Of 
'SADDLE  POINT; 
FOR  INITIAL  ! 
VALUE  PROBLEM 


INITIAL 

VALUE 


BOUNDARY 

VALUE 


VALUL  ,  YAlUt  t  ,  VALUE  ' 
SOI  UT  ION  —  -SOTUTION4— 4-  SOIUTION  — 

J -  I  -  '  ■  1 .  *' - - - 1 

0  I  7  .T  •!  5  6  7 

nondimensios'al  Distance  from 

INITIATION  OF  RECOMPIlESSION,  x/5j 


Figure  1.47.  Predicted  streamwise 
distribution  of  wake  parameters 
when  equations  are  solved  as  a 
boundary-value  problem 
(Shamroth  and  McDonald  ( 1972)2 
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where  the  saddle-point  would  occur  if  the  equations  are  definding  an 
initial  problems. 


Fig. I. 46  and  1.47,  show  the  predicted  distributions  of  pressure 
and  velocity  with  no  singularity  by  these  two  methods. 

The  static  pressure  distribution  predicted  when  the  problem  is  treated 
like  that  of  an  initial  nd  upstream  influence  term  and  like  that  of 
the  boundary-value  are  shown  in  Fig. I. 48,  compared  with  the  experimental 
data  of  Badrinarayanan  (1961).  A  good  agreement  exists  between  the  ex¬ 
perimental  data  and  the  predicted  center  line  static  pressure  by  both 
methods,  for  this  particular  case,  but  similar  agreement  may  not  be  ob- 
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Figure  1.49  Distribution  of 

static  pressure  when  M=2.04 

[  Shamroth  and  McDonald  ( 1971 ) J 

(calculated  size  9  /H  =0.052, 

SI 

experimental  0a/H  =0.055; 

solid  line — is  the  axis  of  the 
wake, 

dashed  line — is  the  external 
boundary, 

circles — indicate  experiment 
( Badrinarayanan( 1961  )J 

1— solution  of  equations  with 
initial  data;  2~solution  of 
equations  as  a  boundary-value 
problem 


tained  for  all  other  cases  because  of 
the  limitation  imposed  by  the  velocity 
profile  family  used  in  the  analysis  of 
Shamroth  and  McDonald  (1972). 

A  theoretical  model  for  the  flow 
field  and  the  convective  heat  transfer 
process  in  the  vicinity  of  the  reatta¬ 
chment  of  supersonic  two-dimensional 
turbulent  separated  flow  has  been  set 
up  by  Iamb  and  Hood  (1972)  utilizing 
multistage  control  volume  and  solving 
the  resulting  integration  by  a  numerical 
search  technique. 

The  flow  model  and  numerical  tech¬ 
nique  are  the  same,  developed  previously 


by  Lamb  and  Hood  (1968),  for  the  solution  of  the  reattachment  problem 
presented  in  Section  1.3. 

A  solution  to  the  reattachment  problem  is  given  by  momentum  ba¬ 
lance  in  both  longitudal  and  transverse  directions  for  the  control 
volume.  Assuming  the  base  pressure  is  known,  the  Mach  number  inviscid 
impingement  and  conditions  at  the  dividing  stream  line  are  determined. 

The  heat  transfer  rate  which  exists  at  the  cutoff  station  (point 
of  initial  interaction  at  the  end  of  the  base  pressure  region)  is 
taken  as  characteristic  of  the  entire  recirculating  zone  because  the 
recirculating  flow  is  essentially  a  constant-flux  region  as  experiments 
have  shown.  For  the  thermal  analysis,  the  almost  isobaric  near  field 
is  employed  as  a  control  volume.  One  of  the  major  uncertainties  in 
any  turbulent  flow  model  is  the  level  of  turbulence  characterized  by 
the  spread  rate  parameter  &  which  is  difficult  to  estimate  from  the  ex¬ 
perimental  data  with  20$  uncertainty.  It  was  found  that  for  a  given 
percentage  change  in  6~  ,  the  wall  temperature  changes  correspondingly, 
while  the  heat  flux  changes  in  the  opposite  direction. 

Lamb  and  Hood  (1972),  determined  by  their  analysis  the  signifi¬ 
cant  parameters  in  the  flow  field,  the  heat  transfer  distribution,  and 
associated  wall  temperature  of  the  reattachment  surface,  obtaining  a 
heat  transfer  prediction  in  good  agreement  with  experimental  data. 

Next,  the  USSR  investigations  on  separated  flow  and  applications 
of  integral  methods  are  summarized. 

Gogish  (1968,  1969)  and  his  associates,  attempted  to  predict  the 
separated  turbulent  flow  characteristics  at  subsonic  and  supersonic 
speeds,  providing  more  general  precise  information  compared  to  the 
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local  methods  of  dividing  stream  line  by  Korst  and  Chapman.  A  tur¬ 
bulent  boundary  layer  is  expressed  by  a  family  of  profile  of  A.S. 
Ginevskiy, 

u/ug  =  1  -  Af(^),  f(^)  =  (ug-  u)/(ug-  Ugj) 

A  is  the  shape  parameter  given  by  A  =  (ug-  u0  )/ue  '  The  isen~ 
tropic  external  flow  properties  are  evaluated  for  (H)  =  v ~  P  given 


by  the  Prandtl-Meyer  relation.  The  governing  equations  ares 
hi  IeUdy  =  ?e  Ue  (  d/‘  Un  ®  } 


f  P  u2dy  =  u  f  f  udy  -  /  4^ 
dx  I  5  e  dx  >  ax 


d  c€ 

dx  ?  U(ly  =  k  ue  “  eq.  of  ejection 
These  equations  are  integrated  in  a  longitudinal  direction  and  the  pre¬ 


dicted  pressure  for  various  Mach  numbers  are  compared  with  Korst’ s  so¬ 
lution  in  Fig. I. 49. 

For  a  two-dimensional  turbulent  wake, 
using  the  integral  method  and  consider¬ 
ing  the  compressibility  of  gas,  the 
following  systems  of  non-linear  ordi- 

,  .  nary  differential  equations  are  obtained 

Figure  1.49  Calculated  (l - 4) 

and  experimental  (5)  values  of  with  respect  to  A  (x)>  velocity 
base  pressure  in  a  two-dimen¬ 
sional  turbulent  supersonic  2  2\-4- 

flow;  [  Shvets  and  Shvets(  1976)1  c(x)  =  U/Umax  ~  2T-1  +  M  ) 

1  —  A,  -  1 «  2— A-  0.5  LGogish 

and  Stepanov  ( 1968)3  ;  and  shear  thickness  6  (x). 

3—  tKorst,  et.al.  (1956)3; 

4 —  (-<*.)  Kt  =  0.012  [Gogish  and 
S  tepano v  ( 1 968) ] 5 

5—  [Rom,  et.al.  (1972)] 
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I  1 

~  [c(l-c)*-1  s  (1-H*)J  =  c(l-c2)r_1(  ^  -  tan®) 

fern  (/ O +  [(k+i)(»k+1) + 1  -  »2J  =  k(k+1)i;^ 

kHk 

dA  +  A  ( 2-  A)  dine  _  ck_Kt  _Af 
dx  (l-A)(l-c?-)  dx  /  1-A 

r 


where 


"**  =  W  [<  ^  -f£]  d?' 

ilS  .  \l\ 

a  V  "?• 


r  =  e-±  , 

y 

proportionality 

and  °^-  =  (  Jjp  )H<  0 


Kt  is  a  dimensionless  coefficient  of 


These  systems  of  equations  have  a  saddle-point  singularity  and  the 
initial  values  are  determined  from  the  interaction  joining  of  the 
near  wake  region  with  the  constant  pressure  mixing  zone  upstream. 

The  joining  conditions  are  derived  from  those  of  conservation  of 
J  and  <f  and  the  mass  flow  in  the  constant  pressure  region,  (see 
Fig. I. 40b).  Using  these  conditions,  the  joining  zone  is  evalu¬ 
ated.  The  p^,  which  is  one  of  the  initial  values,  is  determined  by 

the  passage  of  the  integral  curve  through  the  singular  point  which 


is  analogous  to  the  throat  of  the  nozzle. 


Perturbation  in  the  external  flow  effects  the  pressure  at  the 
outer  edge  and  flow  in  the  near  wake  if  they  interact  upstream  of 
the  singular  point.  The  predicted  pressure  distribution  by  Gogish, 
et.  al.  (1969)  along  the  near  wake  axis  compares  favorably  with  the 
experimental  data  cf  Roshko  and  Thomke  (1966)  and  Thomann  (1958)  in 
Fig. I. 50. 


Figure  I.50.  Distribution  of  static 
pressure  along  the  axis  of  the  wake. 

(1,2 — calculations;  — experiment) 

[Gogish,  et.al.  (l969)J 
1 — M  =  3-02;  2— M  =  1.84  [Gogish,  et.al. 
(I969)];  3 — [Roshko  and  Thomke  (1966)]; 

4 — [Thomann  (1958)J.  J 


Figure  1.51.  Diagram  of  flow 
behind  a  protuberance 
[Antonov  (1971)3 


Antonov  (1971),  analyzed  the  turbulent  interaction  based  upon  the 
base  flow  model  shown  in  Fig.1.51. 

Flow  expands  in  region  1-2  and  in  region  2-3.  the  flow  is  isobaric 
and  interaction  begins  with  the  outer  of  3-  S  is  the  critical  point. 

The  integral  momentum  equation  of  the  compressible  turbulent 
boundary  layer  is: 


u  /  in  o  ^  ~  \  ,  in  r* 

■7-  (r  P  u  8  )  +  r  a  p  U 

dx  J  a  a  '  J  B. 


du 


e  e 


e  e  dx 


e  _  m 
-  r  T 


where  r  is  Lne  radius,  m=0  is  for  two-dimensional  flow  and  m=l  is  for 
axi-symmetric  flow.  This  equation  is  transformed  to  an  incompressi¬ 
ble  flow  equation.  A  system  of  equations  for  the  interaction  zone 
of  the  boundary  layer  with  the  external  flow  is  set  up  involving  a 
parameter  A(M)  to  be  evaluated  by  experiment. 

The  predicted  pressure  distribution  using  the  value  of  A(M)  eval¬ 
uated  by  experimental  data  is  shown  in  Fig. I. 52,  in  close  agreement 
with  the  measured  data  of  Roshko  and  Thomke  (1966). 

Murzinov  and  Shinkin  (1976),  computed  the  basic  parameter  of  the  tur¬ 
bulent  separated  flow  region  by  using  an  integral  method  and  consi¬ 
dering  the  vorticity  separated  from  the  edge,  which  was  not  taken 
account  by  Gogish,  et.  al.  (1969)  and  Alber  and  Lees  (1968). 

The  proposed  flow  model  is  as  follows:  The  eddy  flow  at  a  comer 
during  the  turning  and  up  to  subsequent  absorption  by  the  viscous 
layer  is  assumed  inviscid  and  the  subsonic  part  of  the  free  stream 
turbulent  boundary  layer  is  ignored  because  of  its  small  dimension. 

The  vorticity  for  viscous  flow  field  is  computed  by  the  method  of 


Lunev  (1967)  pointing  out  that  vorti- 
city  significantly  affects  the  base 
pressure. 


Figure  1.52  Distribution  of 
pressure  behind  an  axisvmmetric 
protuberance  [ Antonov  (l97l)J 
(curves — calculation  [  Antonov 
(l97l)];  signs — experiment  [Ro- 
shko  and  Thomke  (1966)J  : 

1—  K  =  2.56,  e/H  =  0.05; 

2—  M  =  3.02,  0/H  =  0.04. 

5.  Analytical  Solutions  by  Navier-Stokes  Squation 

The  separated  flow  problems  are  solved  by  applying  the  Navier- 
Stokes  equations  for  incompressible  and  compressible  flow,  laminar 
and  turbulent  flow  around  blunt  bodies,  blunt  comers,  sharp  trail¬ 
ing  edge  comers  etc. 

The  separated  flow  affects  external  flow,  thus,  it  is  neces¬ 
sary  to  integrate  the  characteristics  in  the  flow  field,  joining  the 
solutions  of  external,  viscous  and  wake  flows  and  by  satisfying  the 
proper  boundary  conditions.  nence,  the  analytical  solutions  are  dif¬ 
ficult  to  obtain. 

The  steady  flow  problem  around  a  blunt  body  at  alrge  Re  is  not 
completely  solved  by  the  Navier-Stokes  equations.  Although  a  number 
of  flow  models  has  been  proposed,  it  is  not  certain  which  model  is  the 
right  one  applicable  for  He-*  a o  • 
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5.1.  Asymptotic  Methods 

Tn  the  U.S.S.R.  ,  like  Western  Countries,  asymptotic  methods 
have  been  applied  to  solve  the  difficult  problems  of  separated  flows 
and  flow  characteristics  affected  by  the  boundary  layer  interaction 
with  an  inviscid  stream  based  upon  the  concept  of  "free  interaction". 
The  "Free  interaction"  is  defined  by  Chapman  et  al  (1957)  as  the  in¬ 
teraction  free  from  direct  influences  of  downstream  geometry  as  evi¬ 
denced  from  the  Figure. 1-53- 

The  free  interaction  occurs  because  the  compression  is  directly 
responsible  for  the  thickening  boundary  layer  and  its  ultimate  sepa¬ 
ration  is  generated  by  the  outward  deflection  of  the  external  flow 
caused  by  the  thickening  itself. 

In  Fig. I .53a,  the  case  of  flat  plate  flow  is  also  shown  with  the 
cases  of  separated  flows  over  a  ramp  and  the  forward  facing  step. 

The  latter  cases  of  separation  are  well  known  due  to  the  sharp  cor¬ 
ner  effect  involving  the  streamwise  adverse  pressure  gradient.  But, 
for  its  flat  plate  flow,  i.e.  the  separation  free  inviscid  flow,  the 
pressure  gradient  is  zero.  Therefore,  with  its  real  flow  to  cause 
the  separation,  the  stream-wise  pressure  gradient  must  be  adverse. 
Consequently,  the  boundary  layer  interaction  with  the  supersonic 
stream  must  occur  upstream  of  the  separation  point,  inducing  a  suffi¬ 
ciently  large  streamwise  adverse  pressure  gradient.  A  similar  inter¬ 
action  mechanism,  causing  separation,  takes  place  even  for  a  flow 
with  a  streamwise  inviscid  favorable  pressure  gradient  if  the  Reynolds 


number  is  large. 


The  asymptotic  method  for  Re-»oo  is  used  for  the  solution  of  Navier 
Stoke  equations.  These  solutions  differ  significantly  from  those  ob¬ 
tained  from  the  classical  boundary- layer  theory  and  they  were  succe¬ 
ssfully  applied  to  a  certain  degree  in  evaluating  the  flow  character¬ 
istics  throughout  the  separated  flow  region  involving  singularities 
at  points  of  separation  and  reattachment,  further  affected  by  the  pro¬ 
pagation  of  downstream  disturbance.  The  problem  of  flow  over  the  sharp 
comer  and  over  protuberances  placed  on  the  body  surface  were  also 
solved  by  asymptotic  methods.  In  the  U.S.S.R.,  much  attention  is  given 
to  the  upstream  propagation  of  a  downstream  disturbance  so  that  more 
accurate  analytical  solutions  are  obtained.  In  the  past,  for  flow  so¬ 
lutions  with  large  Re  numbers,  applying  the  Prandtl's  boundary  layer 
equations,  two  regions  of  flow  are  considered  in  order  to  construct 
a  uniform  asymptotic  approximation.  The  flow  in  one  of  these  regions 
is  formulated  by  the  Euler  equation  because  for  large  Re  the  large 
parts  of  the  flow  field  are  not  affected  by  viscosity.  This  Euler 
equation  becomes  hyperbolic  if  M  >  1.  The  other  regions,  the  viscous 

_i 

boundary  layer  has  a  thickness  of  0  (Re  2)  and  for  this  region,  the 
equation  becomes  parabolic.  Thus,  the  solution  involving  the  distur- 
bance  propagation,  which  is  sought,  is  obtainable  from  the  complete 
Navier-Stoke  equation,  but  is  not  obtainable  from  the  classical  Pran¬ 
dtl's  boundary  layer  equations.  Lighthill  ( 1953a.  1953b) »  investigated 
the  disturbance  propagation  for  subsonic  and  supersonic  flows.  Light- 
hill  (1953a).  after  reviewing  a  number  of  papers,  pointed  out  that  the 
disturbance  can  have  an  upstream  influence  through  the  agency  of  the 


Figure  I . 53  Comparison  of  theoretical  and  experimental 
pressure  coefficients  at  the  separation  point  and  in 
"plateau"  region  of  the  developed  separation  zone. 

-  =  Calculation  [  Neyland.  ( 1971a)] 

Experimental  data  presented  in 
[Erodos  and  Pallone,  (1962) J  * 

0  =  [Chapman,  Kuehn,  Larson  (1957)] 

0  =  [Sterret,  Emory  (i960)] 
d  =  f Hakkinen,  Greber,  Trilling, 

Abarbanel  ( 1 959) j 

1  =  Plateau  region: 

2  =  Separation  point. 


supersonic  boundary  layer  and  two  separate  mechanisms  exist,  by  means 
of  which  the  boundary  layer,  acts  to  transmit  the  influence  of  a  dis¬ 
turbance  upstream,  namely: 

(i  )  a  disturbance  leading  to  a  positive  pressure  gradient  causes 
the  boundary  layer  to  thicken. 

(ii)  a  sufficiently  large  compressive  disturbance  causes  separa¬ 
tion  of  the  boundary  layer.  These  two  mechanisms  are  not 
really  very  different  in  that  the  pressure  gradient  acts  in 
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the  same  way  (reducing  the  kinetic  energy  of  the  slowly  moving 
fluid  near  the  wall)  in  producing  both  thickening  and  separa¬ 
tion.  However,  the  presence  in  the  second  mechanism  of  a  siza¬ 
ble  "dead-air  region"  of  a  very  slowly  moving  fluid  makes  a  con¬ 
siderable  difference.  The  mechanism  (i)  is  strictly  peculiar 
to  the  supersonic  flow  and  the  mechanism  (ii)  is  well  known  in 
subsonic  flow. 

Lighthill  (1953b),  investigated  the  upstream  disturbance  propagation 
for  the  supersonic  flow  without  separation.  He  indicates  that  when 
any  boundary  layer  on  a  straight  wall  is  subjected  to  an  expansive 
steady  disturbance  due  to  a  sharp  comer,  then  an  interaction  between 
the  main  stream  and  the  boundary  layer  takes  place,  but  if  the  flow 
reflexion  is  small  then  the  disturbance  in  the  outer  viscous  sublayer 
can  be  neglected,  but  these  are  not  negligible  in  an  inner  viscous 
sublayer.  Furthermore,  if  the  disturbances  are  Fourier-analyzed  longi¬ 
tudinally,  then  the  effect  of  the  inner  viscous  sublayer  on  the  be¬ 
havior  of  each  harmonic  component  outside  it  is  exactly  as  if  there 
were  a  solid  wall  at  a  certain  position  in  the  stream  with  no  flow 
across  it,  i.e.  v^O  and  inviscid  flow  outside  it. 

Lavrent'yev  (1962),  set  up  an  ideal  model  involving  separation 
by  dividing  the  flow  field  into  two  areas,  the  area  of  vortex  motion 
in  the  separated  flow  zone  where  curl  v  =  -U  -  const,  where  v  is  a  ve¬ 
locity  vector  and  u>  is  the  vortex,  and  the  potential  flow  outside  the 
area  where  curl  v  =  0. 

Taganov  (1968),  attempted,  by  simplifying  the  boundary  condition 
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to  find  a  region  of  incompressible  stationary  flow  within  a  closed 
separated  zone  in  a  parameter  of  Re.  where  Prandtl’s  equation  may 
hold.  It  has  been  pointed  out  that  only  with  specific  boundary  con¬ 
ditions,  the  Kirchhoff’s  solution  is  applicable  for  two-dimensional 
flow  when  Re  -*  «*>  .  The  analysis  may  be  used  for  the  formulation  of 
a  stable  steady  flow  involving  laminar  and  in  certain  cases  a  turbu¬ 
lent  separated  flow. 

Neyland  (1969a)  and  Stewartson  and  Williams  (1969),  used  the 
asvmptolic  methods  to  solve  the  Navier-Stoke  equation  in  the  follow¬ 
ing  three  regions  (or  triple-desk  structure  layer) t  The  first-outer 
region  is  described  in  the  first  approximate  by  the  linear  super¬ 
sonic  flow  theory.  The  second  region  has  a  thickness  of  Re 
The  velocity  profiles  in  this  region  coincide  in  the  first  appro¬ 
ximation  with  the  profiles  in  the  undisturbed  boundary  layer  up¬ 
stream  of  a  free  interaction  region.  Since  the  disturbances  are 
small,  the  pressure  distribution  is  sought  not  to  be  affected  in  its 

first  approximation.  The  third  region,  the  near-wall  viscous  flow 

-5/8 

layer  has  a  thickness  of  0  (Re  ). 

Theories  of  Stewartson  and  Williams  (1969)  and  Neyland  (1969a) 
are  based  upon  free  interaction.  Therefore,  the  separation  is  con¬ 
sidered  to  be  caused  by  the  pressure  gradient  induced  by  the  change 
of  thickness  of  the  boundary  layer.  The  flow  is  described  by  the  con¬ 
ventional  boundary  layer  equations,  but  since  the  pressure  gradient 
is  not  given  a  priori,  it  must  be  determined  from  the  compatibility 
conditions  with  outer  supersonic  flow,  and  Ackeret  linear  supersonic 
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flow  theory  expressed  by 


-  -SVe 


« 
d<y 

(».-D*  d*  ’ 

The  pressure  gradient  is  given  in  terms  of  the  second  derivative  of 
displacement  thickness  of  the  viscous  flow  with  respect  to  the 
streamwise  coordinate  region.  Therefore,  in  the  boundary  layer 
equations,  a  higher  order  (second)  derivative  with  respect  to  the 
variable  of  an  unknown  ! unction  appears.  ibis  tact  requires  another 
boundary  condition  in  addition  to  the  initial  and  other  conditions 
on  the  body  surface  and  at  the  outer  edge  of  the  boundary  layer, 

Since  the  derivative  with  respect  to  the  streamwise  coordinate  is 
total  rather  than  partial,  it  is  sufficient  to  specify  only  a  single 

constant,  in  this  case,  the  position  of  separation  and  not  the  func¬ 
tion.  Because  the  flow  downstream  of  separation  may  influence  the 
pressure  distribution  upstream,  and  thus  the  position  of  separation 
point,  it  is  extremely  difficult  to  assess  this  influence.  The  rea¬ 
sons  for  difficulty  in  assessing  the  influence  of  the  downstream  se¬ 
parated  flow  are  as  follows:  For  a  sufficiently  large  He,  the  boun¬ 
dary  layer  thickness  upstream  of  separation  is  of  order  0  (A)  where 
/\  =  Re  2  and  the  displacement  thickness  /  is  of  the  same  order  0  (-1) 
but  after  separation  the  boundary  layer  thickness  remains  of  order  \ 
or  may  become  of  order  unity,  affecting  the  pressure  distribution 
significantly.  If  the  non-dimensional  so  called  "stretched"  variable 
is  defined  by  JT*  =  then  this  stretched  displacement  thickness 

changes  from  being  of  order  unity  before  separation  to  of  order  A  * 

* 

after  separation.  Thus,  in  the  limit  as  \  tends  to  zero,  <f  /,\  be¬ 
comes  infinite  after  separation.  In  this  case,  the  boundary  layer 
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equation  Mill  no  longer  be  valid  since  the  approximations  nade  in 
forming  the  boundary  layer  equation  assume  that  £*  *  has 

an  order  of  unity.  Therefore,  it  maybe  expected  that  a  singularity 
will  be  present  in  the  boundary  layer  equation  at  the  separation 
point.  The  nature  of  this  singularity  has  been  studied  by  Goldstein 
( 19^*8),  Stewartson  (1958),  Terrill  (i960)  Catherall,  Stewartson  and 
Williams  (1965).  At  a  small  distance  upstream  of  the  separation 
point,  in  place  of  pressure,  the  boundary  layer  displacement  thick¬ 
ness  distribution  in  the  form  of  a  second-  or  third-degree  polynomial 
was  assumed  and  the  pressure  was  determined,  enabling  one  to  pass 
through  the  separation  point. 

This  technique  used  by  Catherall  and  Mangier  (1966)  will  only 
work  for  regions  for  which  the  boundary  layer  thickness  remains  of 
order  A  •  Shallow  bubbles  within  the  boundary  layer  do  occur,  for 
example  they  are  often  present  when  a  shock  wave  interacts  with  the 
boundary  layer  and  the  possibility  also  remains  that  the  strong  thick¬ 
ening  of  the  boundary  layer  after  separation  say  sometimes  occur 
downstream  of  the  separation  point.  If  this  were  the  case,  the  method 
of  Catherall  and  Mangier  (1966),  would  still  enable  one  to  integrate 
the  boundary  layer  equation  past  the  separation  point.  However,  the 
said  method  does  not  apply  for  flow  past  bluff  bodies  at  high  Re. 

Catherall  and  Mangier  (1966),  used  the  Havier-Stokes  equation 
written  in  terns  of  a  stream  function  and  the  velocity  and  t runs forma¬ 
tion  is  introduced  in  which  the  independent  variables  are  simply  con¬ 
nected  to  the  inviscid  stream  function  and  velocity  potential. 


Applied  to  the  problem  of  infinite  Re,  since  in  the  limit  of  Re 
the  displacement  surfaces  up  to  separation  are  coincident  with  the 
body,  the  pressure  distribution  maybe  taken  from  the  potential  flow 
about  the  body.  Applied  to  a  shallow  bubble  contained  inside  the 
boundary  layer,  no  difficulty  is  encountered  at  either  separation  or 
reattachment.  However,  the  solution  after  separation  is  not  uniquely 
determined  unless  boundary  conditions  are  supplied  downstream,  because 
disturbance  propagates  upstream  once  the  reverse  flow  sets  in. 

Neyland  (1971a),  provided  the  possibility  of  passing  through 
the  separation  point  for  supersonic  flow  with  free  interaction  by 
specifying  the  analytic  connection  between  the  pressure  and  the  deri¬ 
vative  of  boundary  layer  displacement  thickness  in  a  form  of  the  Acke- 
ret  formulation. 

The  asymptotic  analysis  refers  often  to  the  maximum  state  of 
flow  in  the  separation  zone  at  Re-*  .  When  Re-»«>,  in  a  closed 
region  of  separation,  the  flow  is  inviscid  with  constant  vorticity 
if  some  of  the  recirculating  stream  lines  pass  through  the  mixing  laver 
as  Prandtl  (1904)  and  Batchelor  (1956)  indicate.  Neyland  and  Sychev 
(1970),  analyzed  the  vorticity  problem  and  found  that  the  Re  condition 
can  be  given  by  Poisson's  equation  -o  =  U)  constant  where  VjP  is  a 
stream  function.  Applying  the  asymptotic  method,  the  flow  character¬ 
istics  are  evaluated  in  the  various  separated  incompressible  flow  re¬ 
gions  shown  in  Fig. I. 54. 

The  external  inviscid  flow  region,  the  mixing  layer  governed  by 
the  Prandtl  equation,  the  inviscid  uniform  eddy  flow  in  the  recircu- 
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la ting  zone,  and  a  region  of  locally 
inviscid  flow  axe  characterized  by 
changes  of  velocity  components.  The 
increase  of  the  magnitude  of  the  vor- 
ticity  causes  an  increase  of  friction 
on  the  wall  but  a  decrease  of  fric¬ 
tion  on  the  dividing  stream  line. 

Based  on  this  flow  model,  the  combined 
integration  of  the  equation  becomes 
complex,  but  for  a  small  value  of  to  , 
simple  algorithms  may  be  used  to  eval¬ 
uate  flow  characteristics  and  for  a 
small  velocity  in  the  region  3.  the 
discontinuity  surface  linking  the  up- 
and  downstream  comer  of  the  cavity 
becomes  straight,  due  to  a  small  pres¬ 
sure  gradient,  thu6  simplifying  the  analysis. 

Skurin  (1972),  investigated  the  asymptotic  behavior  of  an  ordi¬ 
nary  differential  equation.  This  equation  is  formulated,  based  upon 
empirical  findings  of  turbulance  with  respect  to  the  distribution  of 
velocity,  turbulent  energy  and  mean  quadratic  values  of  enthalpy  flu- 
tuations  along  the  wake  axis. 

Sychev,  in  cooperation  with  Neyland,  achieved  successful  asymp¬ 
totic  solutions! 

Sychev’s  (1967)  asymptotic  model  involves  wake  flow  with  a  smaller 
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Fig. I. 54.  Diagram  of  a  sepa¬ 
rated  flow  in  an  incompressible 

flow  [Neyland  and  Sychev( 1970) j 1 

1 —  External  inviscid  flow; 

2 —  Mixing; 

3 —  Inviscid  flow  in  the  circu¬ 
lation  zone; 

h — Boundary  layer  on  the  wall 
of  the  region  of  reversed 
flows; 

5  and  6~regions  of  locally  in¬ 
viscid  flow. 


velocity  than  that  of  the  main  flow  and"  with  length  and  width  of 
the  wake  as  O(Re)  and  O(Re^),  respectively,  drove  et  al  (1964)  ex¬ 
perimentally  showed  that  the  stationary  flow  can  be  maintained  up  to 
Re  ^.200  but  it  was  not  possible  to  obtain  the  external  potential 
flow  characterized  by  the  the  model  pressure  distribution  in  the  wake. 

The  pressure  distribution  along  the  zero  stream  line  in  the  nei¬ 
ghborhood  of  the  separation  point  is  given  by 

—  o 

p(x)  =  -  k(-x)z  +  0(k  x)  for  x  <  0 

P(x)  =  Pc  +  °(“x)^  .  ft  >  0,  for  x  5-  0 
where  x  is  the  distance  measured  from  the  separation  point  along  the 
zero  stream  line. 


The  pressure  gradient 

42  =  i  k(_x)-i  . 

dx  2  ' 


0  (k) 


approaches  infinity  when  x  ~*0 
The  curve  of  free  stream  line 
•r.SS.l  -  -* 


dx  2 

approaches  infinity  when  x 


kx~2  +0  (1) 

0 


for  x  c  0 
and  k  f  0 

for  x  ^  0 


Fig. 1.55*  Diagram  of  a  field 
of  flow  in  an  ideal  fluid 
[ Sychev  ( 1972) J 


The  case  of  k  <  0,  is  physically 
impossible  because  the  free  stream 
line  intersects  with  the  body  surface 
as  seen  in  Fig. 1.55* 

The  last  two  equations  are  for  the 
external  flow  of  a  large  Re  in  the 
neighborhood  of  the  separation  point 
x  *  0,  with  external  k  >  0. 


The  value  of  k  depends  on  Re  but  approaches  zero  when  Re-^«»  .  Hence, 
it  is  assumed  that  k  =  £  (Re)ko  where  Re  =  .  L/V  and  when 

Re>«,  fc(Re)  —*•  0. 

The  analysis  of  the  laminar  flow  separation  when  Re  -*•  shows 
that  a  separation  takes  place  due  to  a  large  pressure  gradient  dp/dx 

•/f  - i/r 

—  Re  in  a  small  distance  4  Re  and  such  a  mechanism  of  a 
smaller  separation  is  similar  to  that  of  supersonic  flow  caused  by 
the  interaction  of  a  shock  wave  with  the  boundary  layer  as  Neyland 
(1969a)  and  Stewartson  and  Williams  (1969)  observe. 

This  self-induced  pressure  rise  causing  separation  can  be  pre¬ 
vented  by  neutralizing  the  effect  of  the  positive  pressure  gradient. 

Sychev  (1974),  determined  the  velocity  distribution  in  the  re¬ 
gion  of  a  positive  pressure  gradient  which  provides  the  laminar  in¬ 
compressible  flow  attachment  up  to  the  trailing  critical  point.  This 
control  technique  can  be  extended  to  supersonic  as  well  as  turbulent 
flow.  For  the  solution  of  supersonic  separated  flow  problems  the 
following  investigations  are  cited: 

For  small  but  rapidly  changing  boundary  conditions  and  damping  of 
up-  and  downstream  perturbations  affected  by  the  large  local  pertur¬ 
bations,  Neyland  (1969a)  and  Stewartson  and  Williams  (1969)  proposed 
a  theory. 

Flow  in  the  neighborhood  of  the  body  surface  is  characterized 

by  different  asymptotic  behaviors  in  three  layers  of  characteristic 

_A  _4  _£ 

thickness  of  Re  *  ,  Re  z  and  Re  r  .  In  the  external  layer,  the  flow 

is  approximated  by  a  supersonic  linear  theory  and  in  the  second  layer. 
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the  perturbating  velocity  profile  is  slightly  different  from  that 
of  an  unpertur bated  one. 

In  the  third  layer,  close  to  the  wall,  the  flow  phenomena  is 
governed  by  the  first  approximation  of  the  incompressible  boundary 
layer  ordinary  nonlinear  equation,  because  the  relative  magnitude 
of  perturbation  is  not  small  due  to  the  small  magnitude  of  non-per- 
turbating  flow.  The  initial  and  boundary  conditions  obtained  by  the 
asymptotic  approach  are  joined  with  the  solutions  of  neighboring  re¬ 
gions. 

For  the  hypersonic  flow  asymptotic  analvsis,  it  is  necessary 
to  carry  out  a  double  maximum  approach  Re -*<>*>  and  K-»  ■*>  consider¬ 
ing  the  interaction  parameter  ^  =  M/ . 

Neyland  (1979),  in  his  book,  presents  the  systematic  studies  of 
supersonic  viscous  flow  problems  which  are  not  solved  by  the  classi¬ 
cal  boundary  layer  theory.  Solutions  of  the  Navier-Stokes  equations 
by  the  asymptotic  method  and  results  of  the  calculation  of  "free  in¬ 
teraction"  of  supersonic  flow  with  the  boundary  layer  are  studied  in 
detail  for  the  following  subjects; 

Flow  around  points  of  separation,  location  of  the  boundary  layer  reat¬ 
tachment,  "choking"  of  perturbation  similar  to  the  known  phenomena 
of  Laval  nozzle,  important  physical  singularities  in  the  neighborhood 
of  the  critical  point  affected  by  viscosity,  results  of  criteria  of 
similarity  for  the  maximum  values  of  heat  transfer  etc. 
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5.2.  Similarity  Law 


The  asymptotic  solutions  of  separated  flows  by  the  Navier-Stokes 
equations  are  obtained  for  the  selected  problems,  mainly  for  self-simi¬ 
lar  ones  with  small  or  large  flow  parameters,  due  to  their  mathematical 
complexity . 

As  a  consequence  of  the  local  nature  of  the  asymptotic  flow,  it 
is  possible  to  exclude  the  parameters  such  as  Re,  M  and  temperature  from 
the  equations  expressed  in  dimensionless  form.  Thus,  the  resulting  uni¬ 
versal  solutions  describe  all  the  flows  and  the  formulas  for  conversion 
to  the  physical  variables  and  extablish  the  similarity  laws. 

Brown  and  Stewartson  (1969)  state  in  1969,  the  use  of  similarity 
solutions  with  reverse  flow  is  probably  the  best  method  of  coping  with 


Figure  I.  56.  Pressure  distribution  for  supersonic  viscous  gas  flow 
around  body  contour  comer  [  Neyland  1971b  1 
■4  r  ?R  7i  J 


5 


=  2 


C  Re2 
P 


■/AwJ 


a  =  (e  u/>y)  /  Re"2/u„  -  is  the  pressure  gradient  calculated 

w  in  the  undisturbed  boundary  layer 

ahead  of  the  interaction  region. 
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the  main  separated  region  downstream  of  the  separation  point.  But 
they  are  not  satisfactory  near  separation  because,  due  to  the  rapid 
pressure  rise,  viscous  forces  can  be  neglected  in  the  major  part  of 
the  boundary  layer. 

Neyland  (1971b),  generalized  the  similarity  and  computed  the 
critical  pressure  rise  leading  to  separation  as  shown  in  Fig. T. 56. 

The  similarity  law  for  free-interaction  formulated  a  quite  ge¬ 
neral  and  relatively  simple  form  of  equation.  The  boundary  condi¬ 
tions  are  satisfactory  if  the  disturbance  amplitudes  are  not  too 
large  in  the  first  approximation,  leading  to  a  clear  understanding 
of  various  physical  effects.  Therefore,  the  similarity  law  is  appli¬ 
cable  for  a  wider  range  of  following  problems  as  sketched  in  Fig. I. 57 
namely  (l)  flow  downstream  of  a  finite  length  of  flat  plate  (2)  flow 
downstream  of  the  profile  (3)  flow  over  flat  plate  at  angle  of  attack 
(4)  flow  over  flat  plate  with  a  pressure  gradient. 


Figure  1.57  Supersonic  flows  described  by  free-interaction  theory. 
[Neyland  (1971b) ] 


(1)  For  x  7- 0  the  the  non-slip  condition  u(x,o)  =  0  is  replaced  by  the 
symmetric  condition  u^(x,o)=0.  Neyland( 1969a) ,  investigated  the  distur¬ 
bance  amplitude  and  diversions  of  regions  to  which  the  disturbance  pro¬ 
pagates.  Reduction  of  shear  stress  to  zero  on  the  flow  axis  leads  to 
acceleration  of  the  stream  filaments  passing  near  the  plane  of  symmetry 
causing  a  rapid  change  of  displacement  thickness  and  inducing  a  pressure 
gradient.  Simple  estimates  using  equations  of  continuity,  momentum  and 
linear  supersonic  flow  theory  show  that  near  the  end  of  the  plate  a  local 

o/O  1 

free-interaction  flow  region  x~Re  of  pressure  difference^  pJie  4 
is  formed.  A  negative  pressure  gradient  is  induced  near  the  end  of  the 
plate  and  pressure  recovers  in  the  wake,  but  at  x/Re  „  ,  the  pres¬ 

sure  gradient  becomes  zero. 

(2)  Flow  over  the  profile  is  similar  to  (l),  thuB,  analogous  results 
are  obtained. 

(3)  For  flow  over  the  flat  plate  at  an  angle  of  attack  an  analogous  pat¬ 
tern  compared  to  (l),  is  valid  if  the  angle  of  attack  is  small  amounting 
ot  —  Re  4  ,  as  Brown  and  Stewartson  (1970)  found. 

In  this  case,  the  flow  turns  through  the  angle  t  upstream  of  the 
plate  end  on  the  upper  and  lower  surfaces.  At  sufficiently  large©/  , 
the  flow  separates  and  the  critical  pressure  rise  to  cause  separation 
is  somewhat  larger  compared  to  the  flow  around  a  comer  formed  by  two 
walls  because  the  pressure  gradient  becomes  negative  due  to  the  flow  lea¬ 
ving  the  plate,  as  the  case  of  oC  =  0. 

(4)  For  flow  over  a  flat  plate  with  a  pressure  gradient,  the  pressure 

_i  -l/8 

change  4  p  -v  Re  4  is  induced  on  the  length  ^  x  ~Re  according  to 

the  linear  supersonic  flow  theory.  From  the  first  approximation  ,  it 


109 


maybe  found  that  this  pressure  change  ^  p  in  turn  influences  the  near 
wall  layer.  The  major  part  of  the  boundary  layer  affected  by  ap~  Re  4 
changes  the  magnitude  of  the  displacement  thickness  by  an  order  of  Re 
and  this  change  of  magnitude  is  taken  into  account  in  the  second  appro¬ 
ximation. 

Sychev  (1972),  shows  that  in  the  vicinity  of  the  separation  point, 
a  free- interaction  zone  of  the  same  type  of  supersonic  flow  exists,  as 
Neyland  (1969a)  indicates,  but  there  is  also  a  difference  because  for 
the  outer  inviscid  flow  region,  instead  of  the  linear  supersonic  flow 
theory,  it  is  necessary  to  use  the  solutions  of  the  classical  jet  flow 
theory.  Local  flow  separation  is  caused  by  the  pressure  gradient  indu¬ 
ced  by  the  free  interaction. 

Sychev  (1972),  found  that  for  the  incompressible  laminar  separa¬ 
tion,  a  rational  analysis  can  be  carried  out  if  in  the  neighborhood  of 

* 

the  separation  point,  the  external  inviscid  flow  phenomena  is' described 
along  the  ideal  fluid  free  stream  line.  Then,  the  mechanism  of  flow 
separation  becomes  similar  to  the  supersonic  flow  separation  caused  by 
the  large  local  pressure  gradient. 

5.3.  Flow  over  Sharp  Comer  and  Supersonic  Flow  Reattachment.  (Flow 
with  very  Large  Local  Pressure  Gradient),  Upstream  Disturbance  Pro¬ 
pagation  and  Flow  over  Protuberance. 

5.3.I.  Flow  over  Comer 


Neyland  and  Sychev  (1966),  applied  the  basic  concept  of  asympto¬ 
tic  theory  to  the  flow  of  very  large  local  pressure  gradients.  As  a 


typical  example,  the  expansion  flow  near  a  sharp  comer  at  supersonic 
speed  is  considered. 

Recently,  much  attention  has  been  paid  to  the  difficult  flow  pro¬ 
blem  of  a  trailing  edge  with  separation,  particularly  for  the  supersonic 
flow.  At  the  sharp  comer,  where  the  surface  curvature  become  so  great 
that  the  boundary  layer  thickness  is  comparable  with  the  radius,  the  boun¬ 
dary  layer  approximation  breaks  down.  In  the  comer  region,  viscous  mo¬ 
tion  maybe  applied.  Far  up-  and  downstream  of  the  comer,  the  classical 
theory  is  valid,  therefore,  a  local  solution  around  its  comer  maybe  ma¬ 
tched  with  the  boundary  layer  up-  and  downstream  of  the  comer  by  the  me¬ 
thod  of  asymptotic  expansion.  But,  because  its  local  inviscid  solution 
violates  the  non-slip  condition,  a  thin  secondary  boundary  sublayer  must 
be  added  close  to  the  wall.  Furthermore,  since  an  upstream  propagation 
of  a  downstream  disturbance  occurs,  a  solution  of  the  full  Navier-Stoke's 
equation  is  required  to  solve  for  the  fjow  in  the  immediate  vicinity  of 
a  sharp  comer.  Since  the  base  pressure  downstream  of  the  comer  is  low 
and,  as  Hama’s  (1966)  measurement  indicates,  that  a  significant  fraction 
of  the  pressure  drops  upstream  of  the  comer,  outside  the  sublayer,  the 
accelerating  fluid  velocity  may  reach  sonic  speed.  Thus,  in  the  flow 

* 

field,  a  singularity  is  encountered.  This  problem,  as  other  many  discon¬ 
tinuity  problems,  belongs  to  the  family  of  asymptotic  or  boundary  layer 
phenomena  of  mathematical  physics  as  stated  by  Vaglio-Laurin  (i960). 
Neyland  (I966),  studied  the  laminar  sublayer  flow  problem  by  applying 
the  compressible  boundary  layer  equations  of  accelerating  flow  which  ex¬ 
tends  to  upstream  infinity.  Integrating  the  Prandtl  boundary  layer  equar- 


tions,  the  asymptotic  behavior  of  the  solutions  of  Navier-Stokes  equa¬ 
tions  for  a  large  Reynolds  number  is  investigated  for  the  following 
two  cases;  (i)  for  nonuniform  velocity  and  enthalpy  profiles  in  the 
initial  section  and  (ii)  on  bodies  extending  to  infinitv  upward  and 
downward  along  the  flow  direction.  For  case  (ii),  introducing  trans¬ 
formation  it  is  possible  to  solve  the  problem  involving  singularity  by 
self-similar  solutions  and  by  well-developed  numerical  methods  of  Doro- 
dnitsyn  (1956)  and  Petukhov  (1964)  as  well  as  by  analytical  methods  of 
Dorodnitsyn  (1942)  and  Loitsianskiy  (1965)-  For  case  (i)  the  follow¬ 
ing  governing  equations  (Hayes  and  Probstein  (1959))  for  compressible 


laminar  boundary  layer  involving  Dorodnitsyn-Lees  variables  are  applied; 


momentum: 
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For  two-dimensional  flow,  j  =  0  and  for  axisymmetric  flow,  j  3  1, 
For  case  (ii),  Hey land  (1966)  introduced  the  following  now  trans¬ 
formation; 


(ue)dx« 


>i  -  f  (»,) 


(22) 


-  V  o 

where  functions  F(u  )  andf (u  )  are  to  be  determines  and  F(u  )  is  to 
66  6 

satisfy  the  convergence  of  at  x  ■+ 

Then  the  momentum  equation  becomes 
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At  an  infinitely  distant  point  ^  3  0  and  in  order  to  begin  the 
ingegration  from  ^  =  0,  it  is  necessary  that  the  right  hand  term  of 
eq.  (23)  must  vanish  for  £  -  0.  The  eq.  (23)  will  be  reduced  to  the 
usual  form,  if  the  following  conditions  are  satisfied. 

ue  F  (ue}  *  2  5  fK> 


oi  =  constant, 


constant 


(  xt  -  •»  )  (25) 


Then  solutions  of  eq.  (24)  and  (25)  are: 

13  -  4s? 


C1 

1 

* 

F  *  2A  c 


r  *  ‘f 

1+^ 


H3 


From  the  transformation  (??)  and  above  information,  u(x)  in  the  neigh¬ 
borhood  of  point  x  -*  -  «•  is  given  by 

In  ue  for  tk  =  ^ 
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The  self-similar  velocity  distribution  ^or  laminar  accelerating  flow 


is 


or 
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where  A,  c<  and  ^  are  constants. 

This  solution  leads  to  the  computational  procedures  similar  to 
those  usea  for  the  ordinary  laminar  boundary  layer  on  a  finite  or 
semi-infinite  body. 

For  the  flow  model  sketched  in  Fig.  T .  Matveyeva  and  Hey  land 
(1967),  carried  out  a  one-step  calculation  by  the  method  of  integral 
relations  for  the  boundary  layer  upstream  of  the  comer  employing  Ney- 
land's  (1966)  analysis.  The  numerical  integration  was  started  at  the 
comer  where  a  pressure  ratio  of  0.668  (corresponding  to  a  subsonic 
Mach  number)  was  assumed  and  continued  in  the  upstream  direction.  A 
wall-to-free  stream  stagnation  enthalpy  ratio  is  taken  as  0.5.  The  re¬ 
sults  obtained  by  them  are  plotted  in  Fig. I. 59.  and  compared  with  Hama's 
(1966)  data  at  Hjo  =  2-35  -  4.02  as  well  as  Olsson  and  Messister's 
(1969)  computed  values  as  seen  from  Fig. I. 59- 
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Figure  I.rd.  Acceleration  of  a  hypersonic  boun¬ 
dary  layer  approaching  a  comer. 

[Olsson  and  Messister  (1969)J 


Matveyeva  and  Neyland  (1967),  applied  Neyland  and  Sychev's  (1966), 
asymptotic  analysis  and  computed  the  distributions  of  pressure,  fric¬ 
tion  and  heat  transfer  upstream  of  a  comer  of  an  axi symmetric  body 
over  the  small  distance  of  several  boundary  layer  thicknesses.  Based 
unon  the  first  approximation,  distributions  of  heat  transfer  for 
Pr  &  1,  £  -*■  0  are  given  in  a  parameter 


A  A 


which  characterizes  the  effect  of  heat  conductivity,  viscous  dissipa¬ 
tion  and  convection.  Since  Matveyeva  and  Ney land's  (1967)  solution 

4  6 

is  for  f  B|-».«»o  ,  for  the  actual  case  of  Re  =  10  -  10  ,  Pr  •  0.7, 
the  effect  of  dissipation  to  heat  transfer  is  overestimated. 

Matveyeva  and  Neyland  ( 1967) •  predicted  pressure  distribution  more 
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Figure. I. 59.  Comparison  of  theoretical  and  experimental  data  on 
pressure  distribution  ahead  of  base  for  two-dimensional  supersonic 
flow. 

-  =  calculation  [Matveyeva  dnd  Neyland  ( 196 7)1 

-  =  hypersonic  approximation  [Olsson  and  Messiter  (1969)3* 

=  3-15*  <fo*  -  laminar  boundary  layer  displacement  thick¬ 
ness  ahead  of  interaction  regions  experimental  data  [ Hama( 1966) Jt 
AM.,  =  4.02,  Re  =  l.?.-10¥:a  =  3.15.  Re=1.5-10f: 

o  =  2.35,  Re  =  4.4.10"  . 


closely  with  experimental  data  than  Olsson  and  Messister  (1969). 

The  discrepancies  among  the  computed  results  of  Olsson  and 
Messister  and  measured  data  are  caused  by  the  following  facts s 
Olsson  and  Messister 's  analysis  is  for  hypersonic  flow  with  , 
larger  than  that  of  the  experiment,  and  effects  of  viscous  interac¬ 
tion  and  pressure  drop  distribution  cause  the  errors  in  the  analysis. 
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No  upstream  propagation  of  disturbance  is  considered. 

Clsson  and  Messister  (1969).  carried  out  their  analysis  employing 
the-  asymptotic  approach  based  upon  the  trip-deck  structure  of  flow 
’.aver  as  described  previously  and  seen  in  Fig. 1. 56.  by  assuming  that 
:t.p  upstream  flow  velocity  of  the  corner  is  hypersonic  and  the  inter¬ 
action  o'  the  hypersonic  flow  with  boundary  layer  is  weak.  An  initial 
dec.  reace  in  the  pressure  causes  the  boundary  layer  to  become  thinner 
and  displa  -cr.ent  thickness  J  *  continues  to  decrease  until  a  critical 
value  of  the  pressure  satis? les  d  <J  */dpsO.  This  critical  point  is  io- 
•ated  at  a  distance  Uy'-'e  FtewL),  fror  the  comer,  i.  e.  x=0,  where  L  is 
body  length.  The  stretched  coordinate  system  is  defined  by  x  =  (x-L)/ 

N  Rew  r-L,  the  origin  is  taken  at  the  comer,  the  direction  of  x  is 
parallel  to  the  horizontal  surface  upstream  of  the  comer  and  x  is 
positive  toward  the  wake  region. 

The  remaining  part  or  the  upstream  is  given  by 
x  =  (  x  -  L  )  /  'ew  J.  L 

Tor  these  two  parts,  the  limits  are  given  by 

_4 

Me  -»  00  ,  few  —r  and  Me  Rew  0. 

The  v  coordinate  is  stretched  by  v  -  v/'  ew  ^-L.  Tc  obtain  the 
initial  upstream  condition,  it  is  assumed  that  for  any  piven  flow  quan- 

A 

tity,  the  solution  obtained  in  the  limit  for  fixed  x  ran  be  matched  asym¬ 
ptotically  with  the  solution  obtained  in  the  limit  for  fixed  re. 

In  the  first  approximation; 

u  (  -  « ,7  )  =  u  (0,7).  p  (  -«>  .7  )  =  p  (0) 

v  (  - ««» ,7  )  =  0 

where  superscrips  a  and  ~  refer  to  coordinate  system  x  and  x. 
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The  so  called  composit  solutions  which  are  uniformly  valid  approxi¬ 


mations  in  the  region  of  interest  -  *o  <  x  ^  0  axe 
u/uft~  u  (x,y)  +  u  (x,y)  -  u  (0,y) 

p/pe~  P  (x)  +  p  (x, y)  -  p  (0) 

v/ue^-  v  (x,y) 


For  the  sublayer  solution,  since  the  sublayer  thickness  is  0  (Rew~  -L) 
the  coordinate  is  formulated  by 

+  .  -*/4  t 

y  =  y/Rew  •  L 


The  limit  to  be  considered  is  Rew  -*  ,-o  with  x,  y  and  Me  fixed. 
Then  the  asymptotic  representations  ares 

~  ^  U  (  x  )  u+  (  x,  y+  )  +  - 

e 


P+  (  X  )  +  — 


—  * —  Rew  L’(x)v  (xfy  )  ♦  - 

e 

L  p  (  *.  y+)  +  — 

fw 

where  U  (x)  is  the  expansion  for  u/ug  obtained  from  the  composite 
solution  by  setting  y  =  0.  The  approximate  continuity,  x  -  momentum 
and  energy  equations  are i 

(  Uu+)~  ♦  {f*  Uu+  )  +  =0 

y 


f  Uu  (Uu  )_  ♦  f  U  v  Uy 
x 


-dp  /dST  ♦  U  ( u  +  )y 
y 
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uV  +  [2  r/  (  r-  1  )]  p+/f+  =  1 

where  ^  =  A*-l /*M 

The  boundary  and  matching  conditions  are 
u+  (  x,  o  )  =  v+  (  x,  o  )  =  0 
u*  (  x,-  )  =  1 

The  sublayer  equations  are  integrated  subject  to  the  boundary  and 
matching  conditions  and  the  results  obtained  are 


and  is  the  stream  function  and  the  subscript  o  refers  to  y  -*  o. 

Key  land  (1969a),  used  the  asymptotic  solution  of  the  Navier- 
Stoke6  equation  for  the  computation  of  the  separated  flow  charac¬ 
teristic  and  determined  tha  amplitude  of  the  pressure  perturbation 
in  the  attached  flow  at  M  =  0(l).  It  was  found  that  the  flow  remains 
attached  despite  the  rapid  pressure  riBe  when  the  amplitude  of  pres¬ 
sure  perturbation  £>V  -  C  (  €  ^)  prevails  in  the  free  interaction 
region  of  8  ( 


Jul 
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The  analysis  leads  to  the  exis- 


I  J  5  >K\ 


Fig.7.60.  Values  of  the  coeffi¬ 
cient  of  pressure  at  the  separa¬ 
tion  point T Ney land  v 1969a)] 

( solid  [  Hey land  ( 1969a)]  and 
dashed  fYelkin  and  Ney  land  (l96r0J 
lines — calculation,  circles — 
experiment  [  Erdos  and  Pallor. e 
(1962)] 


tance  of^a  similarity  parameter 


where  C„  and  M  are  coef^i- 
fs  s 

cients  of  friction  and  the  Each 
number  upstream  of  separation  as 
shown  in  Fig.I.'-C. 


f.3-2  Upstream  Propagation  or  disturbance 

Brown  and  ^tewartson  (i960),  Matveyeva  and  Ney land  (196?),  and 
Ney land  (1969a),  investigated  the  significant  effect  of  upstream  pro¬ 
pagation  of  disturbance  to  the  ‘low  phenomena,  btewartson  (19?0), 
found  ttiat  w;th  no  consideration  of  upstrear.  propagation  of  distur¬ 
bance,  tne  reduction  of  the  pressure  upstream  of  the  comer  is  much, 
larger  compared  to  that  with  consideration  of  disturbance  propagation. 

Nev land  (I9t9a),  based  upon  f roe-interaction  theory,  found  that 
in  order  to  descrit^  completely  the  disturbance  propagation  upstream 
of  a  base,  it  is  necessary  to  extend  the  upstream  region  from  the 
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length  region  0(Re”^)  with  pressure  change  of  0  (l)  up  to  0  (Re  '  ) 

_A 

where  pressure  change  of  0  (Re  “)  prevails.  The  disturbance  propaga¬ 
tion  phenomena  around  a  comer  is  characterized  by  the  so  called  "block¬ 
ing'1  effect  of  the  disturbance  emanating  from  the  base  upon  reaching 
the  speed  of  sound  on  the  local  inviscid  flow  stream  line  adjacent  to 
the  body  surface.  The  acceleration  of  upstream  flow,  in  the  locally  in- 
viscid  region,  equalizing  the  pressure  directly  upstream  of  the  base  to 
the  base  pressure  is  possible  when  the  ratio  of  the  pressure  in  the 
body  surface  of  the  disturbed  flow  region  with  respect  to  the  pressure 
in  the  separated  region  of  the  base  is  less  than  that  corresponding  to 
the  sonic  pressure  change  amounting  to  (  f +  l)/2)*  where  T  is  the 
ratio  of  specific  heats.  In  this  case,  the  expansion  of  the  supersonic 
stream  filament  takes  place  as  a  result  of  the  contraction  of  the  sub¬ 
sonic  stream  tube  lying  to  the  body  surface,  because  the  flow  accelera¬ 
tion  sharply  increases  the  friction  stress  while  the  thermal  flux  to 
the  body  surface  increases  to  a  lesser  degree.  However,  when  the  total 
pressure  ratio  reaches  the  previously  mentioned  critical  value,  then  the 
va.:h  number  on  the  oodv  surface  (in  the  locally  inviscid  part  of  flow) 
reaches  the  soni  value  and  it  is  impossible  to  expand  the  upstream  flow 
c  *r.e  omer  and  a  o«'  tered  rarefaction  wave  forms  near  the  corner, 
"'•rehre,  ‘tie  upstream  flow  of  a  comer  is  not  affected  by  the  further 
••ed  k  t .  or.  d  the  base  pressure.  This  writer  recalls  that  this  finding 
va‘  e  e- i  ui.d  Se.  land  (*.967)  is  similar  to  the  well-known  isotropic 
-  a  !  na.nrel  :  .ow  discharged  from  a  reservoir  passing  through  a 

••  .  .  1  'unction  of  the  exit  pressure  level. 
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Matveyeva  and  Neyland  (196?),  considering  the  propagation  of 
disturbance  and  formation  of  the  locally  inviscid  flow  region,  eval¬ 
uated  the  pressure  reduction  upstream  of  a  comer  as  60%  of  the  over¬ 
all  pressure  in  good  agreement  with  measured  date  of  M.  L. 

Robinson  [^Stewartson  (1970) J  ,  at  =  ?.75»  convex  comer  angle 
oci*  and  Re  -  10^,  compared  to  the  St^wartson’s  (1970)  prediction 
90EJS  reduction,  not  considering  the  disturoance  propagation. 

Stewartson  (1970),  studied  the  structure  of  a  laminar  supersonic 
flow  near  a  comer  and  confirmed  the  triple-deck  structure  of  Matveyeva 
and  Neyland  (1967)  and  improved  their  analysis  by  removing  the  non¬ 
uniformity  as  the  influence  of  the  comer  dies  away  upstream  and  by 
extending  the  said  analysis  to  the  downstream  region  of  the  comer. 

The  phenomena  of  disturbance  propagation  for  the  case  of  a  strong 
viscous  interaction  at  hypersonic  speed  has  been  investigated  progres¬ 
sively  in  the  USSR,  but  further  study  is  needed  to  clarify  still  un¬ 
clear  aspects.  At  hypersonic  speed,  the  pressure  change  and  the  length 
of  interaction  region  is  given  in  a  function  of  interaction  parameter 
x  =  M  't.  ^  t ,  namely 

A\>/v  —  and  */ 1~ 

where  T  is  the  thickness  ratio.  Thus,  if  the  interaction  is  not  weak 
the  pressure  gradient  induced  by  the  external  flow  around  the  effective 
body  formed  by  the  boundary  layer  displacement  thickness  influences  the 
flow  in  the  boundary  layer  even  in  the  first  approximation.  Therefore, 
the  pressure  distribution  at  the  outer  edge  of  the  boundary  layer  can¬ 
not  be  considered  to  be  given  and  must  be  determined  by  joint  integra- 
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tion  of  the  equations  for  hypersonic  inviscid  flow  and  the  boundary 
layer.  The  effects  of  upstream  propagation  are  dependent  on  the  solu¬ 
tion  on  the  edge  conditions  specified  downstream. 

Nevland  ( 1970b),  realized  that  no  unique  solution  for  moderate 
and  strong  interaction  regions  can  be  obtained  even  in  the  first  ap¬ 
proximation  by  specifying  the  only  usual  boundary  conditions  on  the 
body  surface  and  the  outer  edge  of  boundary  layer  as  well  as  initial 
conditions.  Thus,  he  specified  an  additional  condition  in  the  base  pres' 
sure  or  separation  point  which  may  be  determined  from  the  conditions  of 
compatibility  with  the  solution  describing  the  downstream  flow.  Tf 
this  downstream  condition  is  not  given,  then  the  following  two  single¬ 
parameter  families  of  nonself-similar  boundary  layer  solutions  exist, 
in  addition  to  the  well-known  solution  obtained  by  Lees  and  Stewartson 
£  Hayes  and  Probstein  (1959)]  , 

f(  3  .  ^  ~  fo  (7)  +  j  1+a  AjfjC^)  +  j  2^1+a^f2(7)  + - 

p($  )  ~Ao  f1  (1  +  A1J1+a  +  A  2^2(l+a)  +  - ) 

where  y  ,  and  f  are  conventional  Dorodnitsyn-Lees  variables 

1 =  jk  J  ^  •  'i =  (2p  J fdy '  u=H 

0  0 

The  first  terms  represent  the  self-similar  solution.  The  non-tribial 
solution  exists  only  for  the  "eigen- value"  a  and  is  defined  to  within 
an  arbitrary  constant,  for  example  Aj ,  The  subsequent  terms  are  found 
uniquely  for  given  A^  from  the  solution  of  the  linear  nonhomogeneoua 
systems  of  equations.  Depending  upon  the  sign  of  A^ ,  the  pressure  for 
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the  nonself-similar  solutions  is  everwhere  greater  (A^  >  0)  or  every¬ 
where  less  (A^<  0)  than  that  obtainable  from  the  self-similar  solu¬ 
tion.  Kozlova  and  Mikhaylov  (1970),  obtained  analogous  results  for 
the  flow  over  a  triangular  wing  and  yawed  flat  plate  when  the  appro¬ 
aching  flow  is  not  normal  to  the  leading  edge  of  the  plate.  The  in¬ 
tensity  of  disturbance  upstream  propagation  increases  with  the  increase 
of  the  yawed  angle.  For  the  final  solution  of  the  flow  over  a  trian¬ 
gular  wing,  it  is  necessary'  to  find  out  whether  the  boundary  condition 
is  satisfied  in  the  symmetry  plane  or  not. 

The  eigen  value  a  is  the  criterion  of  upstream  disturbance  pro¬ 
pagation  intensity  as  seen  from  Fig. T. 61.  The  analytical  results  of 
Neyland  (1971b),  Kozlova  and  Mikhaylov  ( 1 971 )  and  Provotorov  (1973), 
indicate  that  the  effect  of  disturbance  propagation  decreases  with  an 
increase  of  a.  For  flow  over  a  flat  plate,  if  gas  is  injected  through 
the  surface  of  the  body,  then  the  effect  is  increased;  while  for  the 
cooled  surface,  the  effect  decreases  markedly.  A  very  important  ques¬ 
tion  is  the  formulation  of  the  additional  boundary  condition  to  be  used 
for  the  unique  solution.  For  example,  as  Neyland  (1970b),  indicates 
‘or  ‘low  near  a  flat  plate  base,  if  the  downstream  base  pressure  is 
given,  the  solution  of  the  one- parameter  family  is  selected  for  which 
the  pressure  at  x/L  =1  is  equal  to  the  base  pressure,  where  symbol  L 
refers  to  plate  length. 

The  new  similarity  law  developed  recently  in  USSR  is  more  gene¬ 
ral  compared  to  that  developed  by  Lunve  (1956)  and  Hayes  and  Probstein 
(1959)  because  these  laws  do  not  take  account  of  disturbance  propaga- 


Figure  1.61.  Jistribution  of  pressure  and  local  friction  drag 
coefficient  on  flat  plate  for  strong  hypersonic  flow  interaction 
with  laminar  boundary'  layer  [  Neyland  ( 1971b) J  • 
a-  7/5.  a  ft;  49. 6,  b-  T=  5. 3.  a  23.  - =  p/pgs  1 

-  C_/C„  ;  3 r=  ratio  of  specific  heatsi  p  ,  C.  = 

1  l  SS  I 

SS  SS 

values  of  parameters  for  self-similar  solution!  x-dimensionle6S 
length  for  one  of  the  non-self-similar  solution. 


i'irure  1.6?.  Experimental  verification  of  similarity  law  for  flows 
in  the  regime  of  strong  interaction  of  hypersonic  flow  with  boun¬ 
dary  layer  with  account  for  disturbance  propagation  upstream; 
y  =  23.3,  He  =  1.9-10  f Neyland  (1970a),  and  Gorislavskiy  and  Step- 
rhenkova  ( 1971) 3  . 

a)  Experimental  results;  b)  Same  results  in  similarity  coordi¬ 
nates:  •  ot  =  0°;  oo«.=  100;  x —  ll°30'u5t*  ~  12°;D<*  =  20°; 

f  =  Dorodnitsyn  variable. 


tion,  although  these  are  useful  for  regions  with  only  a  small  distur¬ 
bance  propagation  effect. 

Kozlova  and  Mikhaylova  (197l)(  studied  the  similarity  law  by 
taking  account  of  the  disturbance  propagation  and  obtained  a  good  agree¬ 
ment  with  the  experimental  data  of  Gorislavskiy  and  Stepchenkova  (1971) 
and  Gorenbukh  and  Kozlova  (1973)  tor  the  Btrong  interaction  at  hyper¬ 
sonic  speed  as  shown  in  Fig. I. 62  and  I. 63. 
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Figure  I.63.  Comparison  of  theoretical  and  experimental  data  on 
pressure  distribution  on  flat  plate  with  flap  for  strong  inter¬ 
action  of  hypersonic  stream  with  laminar  boundary  layer; 

M  =  24.2,  X  =  10  -  16  [Gorenbukh  and  Kozlova  (1973)7  • 

/  =  distance  from  plate  leading  edge  to  flap;  J 

psg=  pressure  for  the  self-similar  solution; 

-  =  calculation. 

o  <*=  90°,  h/£  =  0.12;  X  <*  =  90°,  h//  =  0.08;a  <=  10°;  <*  =  0° 

(  ot  =  deflection  angle  of  flap  mounted  on  aft  part  of  plate) . 

5.3.3  Reattachment 

The  problem  of  reattachment  was  studied  in  USSR  for  the  semi¬ 
infinite  jet  reattachment  to  the  surface  of  a  flat  plate  as  one  ex¬ 
ample  of  supersonic  compression  flow  with  a  large  local  pressure  gra¬ 
dient.  The  flow  model  is  sketched  in  Fig. I. 64.  The  problem  involves 
the  free  viscous  mixing  and  it  is  assumed  that  the  mixing  starts  at 
some  distance  JL  from  the  reattachment  region.  This  distance  £  is 
used  as  a  length  scale  and  in  evaluating  Re.  Local  inviscid  flow  is 
described  by  the  Euler's  equation  as  the  first  approximation.  At  the 
end  of  the  mixing  zone,  the  velocity  and  density  profiles  are  considered 
the  same  as  those  of  approaching  the  undisturbed  flow  when  the  asynp- 
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Figure  1.64.  Flow  scheme  in  region  of  semi-infinite  two- 
dimensional  supersonic  jet  attachment  to  the  surface  of  an 
infinite  flat  plate.  [  Neyland  (1970a) J 

totic  expansion  matching  principle  is  used.  At  the  outer  edge,  the 

conditions  of  compatibility  with  the  outer  supersonic  flow  and  the 

zero  normal  velocity  at  the  body  surface  are  to  be  satisfied. 

Neyland 's  (1970a)  study  shows  that  in  the  first  approximation, 

the  stagnation  pressure  pQ  of  the  dividing  stream  line  (stream  line 

incident  on  the  body  surface  is  termed  dividing  stream  line  here)  at 

the  end  of  the  mixing  zone  must  be  equal  to  the  static  pressure  p 

at  a  large  distance  downstream  of  the  turning  region.  Tn  reality, 

—1  /4 

however,  Vgo>  PQ  by  an  order  of  magnitude  0  (Re  '  ),  due  to  the  vis¬ 
cosity  effect.  If  we  apply  Bernoulli’s  integral  for  the  inviscid  flow, 
then  pQ  ^  pB  .  Based  upon  the  vortex  theorem  of  NicFol'skiy  (19^9) 
and  the  arguments  presented  by  Taganov  (1968)  for  analogous  incompres¬ 
sible  flows,  it  is  shown  that  if  p^  =  p^  ,  then  the  critical  point 
shifts  to  an  infinitely  large  distance  point  to  the  right  of  the  body 
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surface . 


The  so  called  "critical  point"  was  defined  by  Crocco-Lees 
(1952),  as  a  singularity  point  in  the  basic  differential 
equation  which  acts  much  like  the  throat  of  a  nozzle  in  de¬ 
termining  the  base  pressure,  for  example,  or  in  some  cases 
the  surface  pressure  distribution  in  a  boundary  layer  shock 
wave  interaction.  This  property  is  an  important  one  for  the 
supersonic  wake  or  reattaching  supersonic  flows  directed  to¬ 
ward  the  solid  surface .  Most  of  the  recompression  occours 
before  the  critical  point  is  reached. 

Neyland  (1970a),  shows  that  in  a  wide  range  of  initial  and  boun¬ 
dary  conditions,  p  ^  p  is  impossible.  If  p  ?  p  ,  there  must 

be,  to  the  right  of  the  critical  point,  an  inviscid  flow  region  which 

does  not  contain  reverse  flows  and  which  does  not  satisfy  the  condi- 

—1  /2 

tion  of  compatibility  with  the  outer  supersonic  flow  for  x/Re 
Therefore,  Neyland  ( 1970a),  proposed  the  following  procedures  to  solve 
the  reattachment  problem.  A  solution,  not  containing  the  critical 
point,  but  satisfying  the  condition  of  PQ  =  P„  for  the  locally  in¬ 
viscid  flow,  is  to  be  obtained  by  the  first  approximation.  The  con¬ 
sideration  of  asymptotic  behavior  of  the  disturbance  decay  of  this  so- 

_  'j/Q 

lution  leads  to  the  investigation  of  flow  for  the  region  Pc~0(Re  ) 

where  the  characteristic  pressure  change  is  0  (Re 

In  this  region,  the  pressure  rises  reaching  the  limiting  value  of  p 

CD 

The  critical  point  iB  also  located  here  and  the  solution  is  described 
by  the  equations  of  free- interaction  theory.  Neyland( 1970a),  suggests 
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the  Chapman-Korst  condition  (Chang,  1970)  should  be  corrected  in 
0(Re  1^)  although  the  pressure  rise  to  cause  the  separation  is  the 
same  order. 

The  following  Chapman  et  al  (1957),  formulation,  which  is  simi¬ 
lar  to  that  of  Korst,  is  a  simple  way  to  evaluate  the  reattachment 


zone  pressure: 


(  1  ♦ 


-  f 

**2  *r-i 


where  p^A  is  the  pressure  in  the  dead  air  region,  p  is  the  pressure 

* 

on  the  wall  downstream  of  the  reattachment  point  and  M  is  the  Mach  num 
her  along  the  dividing  stream  (the  dividing  stream  is  located  within 
the  mixing  zone,  along  which  v  =  0  and  the  circulatory  separated  re¬ 
gion  is  divided  from  the  streamwise  flow  field).  The  velocity  along 

* 

the  dividing  stream  line  is  u  =  0.587  u  . 

0 

Brown  and  Stewartson  (1969),  raise  a  number  of  questions  (e.g.  is 
fluid  in  the  dead  region  almost  at  rest  and  is  the  flow  near  reattach¬ 
ment  so  simple?)  and  comment  as  follows: 

But,  since  the  agreement  with  experiment  is  so  good  that  one  is 
inclined  to  believe  that  it  contains  the  principal  features  con¬ 
trolling  the  dead  air  zone  and  that  it  may  well  be  worth  exploring 
the  assumption  further  from  a  more  rigrous  stand-point.  This, 
however,  has  not  been  done. 

Neyland  (1970a),  also  studied  the  heat  transfer  in  addition  to 


pressure  at  the  reattachment.  The  predicted  heat  transfer  results  are 
favorably  compared  with  the  experimental  data  of  Bushnell  and  Wein¬ 
stein  (1968)  as  shown  in  Fig. 1. 65.  For  this  computation  of  heat  tran- 


sfer,  the  narrow  flow  regions  under  the  local  inviscid  flow  zone  where 
effects  of  viscosity  and  thermal  conductivity  are  significant,  have 


Figure  T.65.  Comparison  of  theoretical  and  experimental  data 
for  maximal  heat  flux  in  attachment  region  of  laminar  separated 
zone  in  supersonic  flow.  [  Key land  (1970a) 3 

x  Ke  =  3.  Re  =  10*  ,  g*  =  0.5,  f,  =  0,  gw  =  0.05; 

o  Ke  =  3.  He  =  10r  ,  g*  =  0.9,  fH  *  0,  gy  =  0.05s 

a  Ke  =  3.  He  =  10--  10*,  g*  =  0,5.  f,  -  0,  g>|  =  0.05; 

•  Ke  =  3.  Re  =  10f  ,  g*  =  0.5,  fw  =  -0.4,  g ^  =  0.05. 

been  considered.  To  compute  the  pressure  distribution  of  the  invis¬ 
cid  flow  numerically,  the  edge  conditions  of  these  regions  are  used 
for  two  strip  integrations  applying  the  modified  method  of  Dorodnitsyn 
(1958),  but  the  computed  pressure  results  were  lower  than  the  experi¬ 
mental  data  of  Chapman  et  al  (1957).  as  shown  in  Fig. I. 66. 

Neyland  ( 1970a),  remarks  that  in  order  to  improve  the  agreement  of 
predicted  and  measured  data,  the  free- interaction  region  is  also  to  be 
considered. 

Neyland  ( 1970a),  extended  his  asymptotic  analysis  for  an  incompre¬ 
ssible  flow  to  a  compressible  separated  flow  caused  by  a  blunt  angle 


131 


figure  T  .t>?  .  Pressure  distribution  in  the  lamina?  separated 
zone  attachment  rerioti  ahead  of  a  flat  in  supersonic  flow. 

- Calculation  [fey land  (1970b)  J,  o  Experiment  [  'hapman  et 

(1967)];  pw  =  pressure  on  the  body;  pQ  -  pressure  ahead  of 
attachment  region. 


Fig  1.67.  Diagram  of  separated  flow  of  a  supersonic  flow 
at  a  blunt  angle  (a)  and  calculation  of  pressure  in  the 
field  of 

1 —  External  inviscid  supersonic  flow; 

2 —  Zone  of  mixing; 

3 —  Area  of  reversed  flow; 

4 —  Boundary  laver  at  base  of  the  reversed  flow; 

9 — Area  of  separation  of  flow; 

6 —  Area  of  reattachment  of  flow; 

7 —  and  8 — Boundary  layer  in  front  of  the  area  of  separation 

and  behind  the  area  of  reattachment[  Shvets  and 
Shvets  (1976)J. 

Solid  line  on  the  graph  —  calculation  \  Nev land  (l970a)J; 
circles  —  experiment  [Chapman  et  al  ( 1950)1. 
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thai py  o:  the  deceJ  erat  tr.;  •  .tv.  a  lor.  s'  the  cloned  stream  lire 
Furthermore,  ir.  add:  t  ioi.  to  w,  the  temperature  is  al.se  rieie-  ire  i  ro- 
the  equat  ions  oi  eneny . 

i  •'  the  vorticit-  is  small,  a  'otnplete  solution  oh  flow  charact  eri  r  t ;  r 

in  the  separated  zone  is  obtainable.  Due  to  the  viscositv  ef  J  e  t,  ». fit- 

computed  pressure  rise  at  ti.e  reattachment  tr.-  the  lhapinan-K~rst  theor- 

A. 

is  less  than  the  experimental  data  by  an  order  oh  0(6  r'  as  shown  in 

Fic.1 .67. 

5.3-4.  Flow  Over  Protuberance 

The  asymptotic  methods  are  applied  to  problems  around  obstacles 
or  irregularities  located  on  the  bottom  of  a  boundary  layer.  Zubtsov 
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v1971).  analyzed  this  problem  for  incompressible  flow,  and  3opolepov 
and  Nevland  (1971),  ror  compressible  ''low.  The  results  of  Zubtosov 
i  1 9'’*  ‘  ,  show  tr-t*  i  *  ?he  characteristic  iimerision  is  of  the  order  cf 
protuberance  he'.»  ht,  tne  •  i  rs '  ipprox  imat  lor  reduces  to  the  solution 
r>*  the  ",'uier  e-'u-i*  ,c  wh.  ,  jr.de:  '•■hair,  flow  ccmd :  t  ion ,  contain 

•,  r'P’  erte  •  .  c  v.  and  h  wr  st  re  a-  of  ,  rot '  -e :  an^e .  Bopo- 

•  ep<  '  a 'id  4  •  "  *  .  •  the  .  ,pe~s  li  flew  over  a  small  pro- 

<  '"it.  e  •••  :a* ‘  -eo-  >  *  pa  runete:  s  and 

*  'i“  ’•  o  .-a  :  :.i  •  •.  •  •  '  r :  »•.  ■  '■  —  .  a  ‘  ed  ».  rreepond  i  :ir  bour- 

'••i-y  vh  ;  j.-r  tr.‘.‘  '  .la-'.'  p,  -  c  •i‘tr  7- r  :s  s!  ow  ‘hat  a  marked 

it.  Tease  o‘  ::i.:t  .ot.  st  re;.  :  •  *  t  :  '  .  .xe;  tv  the  od-.  surface 
take  plai  •  at  .a.:  .--er  d  :st.v  e:  •  x  “ed  1  ') :  orde'  of  magnitude  of 

tre  rnarac ter isti  onsta<  1-  *  i  .  '•  •  . . .  lete-’T.:  r.e  the  ..  n- 

.  «•:  •••  *he  upst  ream  •  se;c  .•  .  ir.  obstacle  whose  height  and  se¬ 
ta  rat  ■•one  ..•»  ••  •  r-f ;•  na  nitude,  i+  is  neces- 

:  "in,  ’  e  sc  i  .  e  tr.*»  oir.j  1  e  t  <  •  mr-ressi'  '.»•  'lu  Navier-Stoke  equation. 

’  *  *f  e  ctu  ta  les  . ,  •  ••  the  -“pa ration  point  ar.d  separated 

:  epiur.  ire  deterr  j:  ed  :impl  ..sin#-  hrandtl  ’s  equation.  For  this 
a:.e  ‘  a  .enter  otr.'a  l*-,  •>  <  value  o!  parameter  de'ined  by  the  ratio 
c  •  costa  i»»  r<  t-s**'  t  ion  *o  .d^racterist  io  boundary  lay  e1”  section  area, 
amounting  e  r.assi'ies  two  different  upstream  pressure  fields.  If 
this  parameter  is  small,  then  the  obstacle  induces  rarefaction  and  large 
compression  disturbance  occurs. 

’.  nger  (197*0,  used  the  small  perturbation  theory  of  a  compressible 
boundary  layer  to  solve  the  flow  problem  past  a  relatively  small  protu- 
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cerar.ce  (or  boundary  Laver  control  apertures)  exposed  to  high  speed 
laminar  flow,  assuming  fr  and  L t  are  equal  to  1,  by  introducing  per¬ 
turbations  u‘,  v‘,  p'  and  T'  caused  by  the  protuberance. 

The  resulting  governing  equations  are  linear  differential  equations 
partial  derivatives.  If  Re  is  large,  one  may  divide  the  pertur¬ 
bations  into  ir.viscid  and  viscous  components.  The  viscous  component 
is  essential1;,  only  in  a  relatively  thin  sublayer  close  to  the  sur- 
arn  where  perturbation  motion  can  he  considered  as  incompressible 
vith  nerlirilily  low  :  eat  transfer  due  to  viscous  dissipation.  These 
assumptions  simplify  the  linearized  N’avier-S  tokes  equations  of  compres¬ 
sible  flow. 

c . 4 .  Numerical  Solutions: 

The  numerical  solutions  of  the  Navier-S tokes  equations  contribu¬ 
ted  forwards  a  better  understanding  of  the  separated  flow.  3abenko  et 
al  (I97l)i  pointed  out  that  the  problem  of  the  viscous  flow  over  a  blunt 
body  is  one  of  the  most  complex  ones  due  to  the  significant  non-linea¬ 
rity  of  the  Navier-S tokes  equations  dealing  with  the  reversed  flow  zone 
and  the  phenomena  of  its  instability  for  larger  Re  than  the  critical  one. 
These  problems  are  not  self-similar  and  analytical  solutions  are  t*o  dif¬ 
ficult  to  obtain. 

Viviand  and  Berrer  (1966)  and  Kimasov  and  Korzhuk  (1969a),  solved 
incompressible  separated  flow  problems  by  the  first  approximation  of 
the  havier-S tokes  equation.  The  infinite  conditions  were  not  rigorously 
satisfied  by  this  approximation  because  of  the  dominant  inertia 
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forces  and  the  obtained  solutions  are  applicable  onlv  for  a  small  Re 
Fig. T. 68  and  I. 69  show  the  pressure  distribution  on  the  rear  wail  ot 
a  two-dimensional  surface  in  a  parameter  of  J  and  stream  line  conft 
guration  in  a  t unction  of  with  cf  -  1,  where  J  =  ^/K,  6  is  the 
phvsical  boundary  layer  thick:. ess  and  H  is  the  r.eiaht  of  the  hase. 


-  i ist’  ifcution  o:  pressure  along  the  rear  wall 
c*  me  yj-  i'  clid  lines  correspond  to  data  of  [Kimasov 
i  mi  Ho:  shuk( 1  9)  J,  tne  drshed  lines  —  to  .'..viand  and 

•  #»*  <■<;•••  ( 1 9'  6)  [  Jhvets  and  Shvets  (19"0  3 


fir. T. 69.  Picture  of  the  stream  line  in  a  base  region 
[  Vi  viand  and  Berger  (1966)]  (x  —  point  of  reattachment) s 


o  .v  ■ .  r  v  •  '  ■  V  ;  •  •  't*-'  .  ii’.  ,_t.  ii.cres.se  c.  v. 

ti 

to  ■/..  -  0.1,  a  reverse  flow  zone  becomes  apparent  and  the  r.oint  of  se¬ 
paration  shifts  '  ror  the  euro  to  a  point  on  the  rear  wall.  With  an 
Increase  of  a  ,  the  separation  point  approaches  the  center  and  the 
-ize  of  reversed  flew  region  decreases,  but  with  an  increase  of  v  , 

■  "e  seas  rati  or.  point  approaches  the  tailing  ed  re. 

'■■onn  (Ilf?),  solved  the  Kavier-Stckes  equation  by  a  finite  dif- 
e,  r’  >>-  method  in  order  t.c  investigate  the  flow  downstream  of  a  plate 

■  laced  perpendicular  to  the  main  plow,  at  a  small  and  average  Re. 

"he  results  indicate  that  the  length  of  the  stagnation  zone  increased 
with  increase  of  Re.  but.  its  width  regained  unchanged  and  the  oscilla¬ 
tion  of  the  stagnation  zone,  causing  Karraan  vortex  street,  was  observed 
at  ■  e  =  *"’0  in  agreement  with  experimental  results. 

boldyreva  and  Kuskova  (19?0).  analyzed  the  flow  past  a  sphere  by- 
replacing  the  infinite  condition  with  an  imaginary  sphere  of  .large  ra¬ 
dius.  The  computation  hr  Re  =  1,  5»  i0  and  ?0,  shows  that  with  the  in¬ 
crease  of  Re,  the  flow  symmetry  breaks  down  and  a  noticeable  vortex  ap¬ 
pears  when  Re  =  ?C. 

Dorodnitsyn  and  Keller  (1968),  employed  the  numerical  method  to  solve 
the  v i scous  incompressible  flow  in  an  expanded  two-dimensional  channel. 

At  each  step  of  iteration,  a  svstem  of  linear  algebrac  equations  was  solvec 
indicating  that  a  stagnation  appeals  with  a  reverse  flow. 

Pavlov  (1968),  solved  numerically  the  Naviei^Stokes  equation  for  a 
supersonic  How  around  a  blunt  body  and  completed  the  flow  picture  inclu¬ 
ding  a  shock  wave.  A  formation  of  vortices  downstream  of  the  body  was  pre- 
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Fig. T. 70.  Flow  of  a  viscous  gas 
ina  wake  of  a  two-dimensional  body 
[Myshenkov  (1970)3: 

a — c — picture  of  flew  (N  =  0.?88, 

a — fle  =  3.  b— -He  -  i. 1,  c — Re  = 

1.7);  d — distributed  pressures 

along  the  axis  of  the  wake  (t — 

M  =  0.788,  7 — M  =  0.884,  3 — M  = 

1.1^) 


dieted  at  Re  =  SO,  but  was  not  detected  probably  due  to  the  fact 
that  either  they  were  absent  in  certain  conditions  or  that  they  were 
not  visible  because  of  the  large  grid  used. 

Myshenkov  (1970),  solved  the  Navier-Stokes  equation  by  using  the 
Lax-Wendroff  method,  for  subsonic  and  transonic  wakes  downstream  of 
a  two-dimensional  surface  at  Pr  =  0.71,  in  the  range  of  1  Re  £1000. 

His  paper  of  1970,  shows  that  at  small  Re£-1.7,  the  flow  does  not  sepa¬ 
rate  and  at  He  =  1.7  a  fairly  large  zone  of  small  velocity  is  formed 
at  the  rear  critical  point  as  seen  in  Fig. 1.70,  and  with  the  increase 
of  Re,  separation  occurs  at  the  base  forming  a  reverse  flow  region. 

At  the  trailing  edge,  the  flow  turns  at  a  right  angle  with  no  separa¬ 


tion  affected  by  viscosity  and  the  separation  point  is  located  in  the 
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base  region  as  Weinbaum  (1968),  theoretically,  and  Donaldson  (196?), 
experimentally  found.  With  an  increase  of  Re,  the  dimension  of  the 
reversed  flow  region  also  increases,  the  separation  point  shifts  to¬ 
ward  the  comer  and  the  pressure  distribution  evens  out  and  at  Re  ^100# 
the  base  pressure  becomes  almost  constant.  When  0.864  the  pressure 
in  the  separation  zone  increases  reaching  p^pw  ,  caused  by  the  trail¬ 
ing  edge  shock.  However,  toward  the  downstream  direction  the  pressure 
becomes  eaual  to  p«. 

Myshenkov  in  19?2,  solved  the  wake  flow  downstream  of  a  flat  plate. 
At  Re  -  3.  the  separation  point  was  located  not  at  the  comer,  but  on 
the  plate  base.  With  an  increase  of  Re,  the  reversed  flow  region  grows 
and  the  separation  point  moves  toward  the  comer  and  the  pressure  varia¬ 
tion  smooths  out.  At  Re  =  100,  the  pressure  becomes  almost  constant. 

The  base  pressure  does  not  vary  before  separation  despite  the  increase 
of  Re,  but  after  separation  the  pressure  increases  sharply,  and  with  a 
further  increase  of  Re  reaching  1000,  the  base  pressure  increases  mono- 
t.onically  and  the  wake  flow  becomes  unsteady.  The  analysis  of  the  Mach 
number  effect  in  the  range  of  0.3s  Ms2  at  Re  =  100  shows  that  with  an 
increase  of  M  from  0,3  to  0,8,  the  reversed  flow  region  elongated  and 
narrowed.  With  further  increase  of  M,  the  reversed  flow  region  con¬ 
tracted  in  length  and  width,  and  if  M  increases  above  1,  the  flow  sta¬ 
bilizes  and  delays  the  occurrence  of  separation. 

Brailovskaya  (1971b),  detected  more  flow  details  by  solving  the 
two-dimensional  supersonic  wake  flow  downstream  of  a  rectangular  base. 
The  numerical  solution  of  the  Navier-Stokes  equation  in  a  small  wake 
region  of  reversed  flow  indicates  that  in  the  neighborhood  of  the  cor- 
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ner,  the  flow  expands  and  the  pressure  downstream  of  the  wall  increases 
sharply  at  first,  then  remains  almost  constant  up  to  the  axis  of  symmetry. 
This  compression  wave  is  more  apparent  at  large  M  and  Re,  and  the  dimen¬ 
sion  of  the  reversed  rlow  region  increases  almost  directly  proportionally 
to  Re,  but  decreases  with  an  increase  of  M.  The  interested  readers  may 
be  aware  that  the  following  numerical  solutions  were  achieved  elsewhere. 
Jenson  (1959).  obtained  a  solution  for  the  flow  around  a  sphere  using 
the  method  of  relaxation  for  he  =  5~*lC  by  fixing  Re  =  1?  as  the  critical 
Re  at  which  flow  remains  attached.  Son  and  Hanrattv  (l9f>9)»  solved  num¬ 
erically,  for  the  ‘'low  around  a  cylinder  at  Re  =  ?00  and  fOO  and  Burggaf 
( 1 966) ,  numerically  analyzed  the  structure  of  the  separated  flow  in  a  rec¬ 
tangular  cavity. 

5.5  Numerical  Experiment 

A  brief  presentation  on  the  numerical  experiments,  carried  out  in 
USSR  follows.  Recently,  at  the  Computer  Center  of  i.he  Academy  of  Sci¬ 
ences  of  the  USSR,  under  the  leadership  of  0.  M.  Belotserkovskiv ,  a  num¬ 
ber  of  numerical  experiments  were  carried  out  to  investigate  the  complex 
fluid  flows  using  various  principles  of  numerical  modelling  for  equa¬ 
tions  of  Euler,  Naviei>Stokes  and  Boltzman.  Compared  to  a  full  scale 
experiment,  the  said  approach  is  less  expansive  and,  in  a  number  of  cases, 
it  is  the  only  instrument  of  investigation. 

For  the  numerical  experiment,  the  following  steps,  which  may  be  cor¬ 
related  to  physical  experiments  are  taken* 

Selection  of  a  mathematical  model,  set  up  of  an  approximate  solution  sys¬ 
tem  for  the  initial  differential  or  integral  equation,  study  of  stability 
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Fig. I. 71.  Picture  of  the  flow  past  a  round  cylinder  [Belotser- 
kovskiy  et  al.(l975)Js 

a— He  =  1}  b— Re  =  10;  c— He  =  30;  d— He  =  c0;  e— ?e  -  103, 
T  =  162;  f— Re  =  103,  T  =  166;  f — Re  =  103,  T  =  170. 


Fig. T. 72.  Diagram  of  a  sepa¬ 
rated  zone  behind  a  sphere  (M=20) 
[  Belotserkovskiy  et  al.  (197C0J» 

a— Re  =  104:  b—  Re  =  1S00. 
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SYMBOLS 

Coefficient  of  calibration 

skin  friction  coefficient  (Squire  and  Young) 

Concentration  of  active  ions 

diffusion  coefficient 

diameter  of  circular  tube 

diameter  of  probe 

Faraday  number 

(e/ue)(due/<ix) 

probe  current 

length  of  mixing  zone 
total  length  of  cavity  wall 
fluction  of  u 

flow  velocity  at  channel  axis  at  10mm  upstream  of 
cavity 

fluctuation  of  v 

wall  shear  velocity 

'"luctuation  of  w 

x/H 

v*y 

T7- 
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CHAPTER  II 
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Incompressible  Flow  Separation 

In  Chapter  I,  various  analysis  for  flow  separation  have  been  pre¬ 
sented,  Therefore,  in  this  Chapter  II,  certain  aspects  of  a  separated 
flow  model,  experimental  investigation  of  incompressible  turbulent  flow, 
affected  by  adverse  pressure  gradient  involving  flow  separation,  a  three- 
dimensional  effect  on  the  separated  flow,  and  the  cylinder  separated 
. lov  phenomena  are  presented.  Although  the  main  content  is  for  subso¬ 
nic  flow,  pertinent  supersonic  phenomena  are  described  for  a  comparative 
purpose . 

The  two-dimensional  and  axisymmetric  boundary  layer  flow  separate 
if  the  streamwise  adverse  pressure  gradient  is  sufficiently  large  due 
to  the  reduction  o'r  momentum,  especially  in  the  vicinity  of  a  wall  sur¬ 
face. 

The  recent  investigations  in  the  USSR  on  turbulent  flow  affected 
by  adverse  pressure  gradient  described  here  may  serve  for  the  under¬ 
standing  of  flow  separation. 

1 .  Effect  of  Adverse  Pressure  Gradient  on  Incompressible 
Turbulent  Flow  Involving  Separation 
1 . 1  Local  Velocity  Components  and  their  Fluctuations  in  the 
V icinitv  of  a  Wall 

Yefimenko  and  Khafakhpasheva  (1976),  measured  components  of  local 
velocity  and  their  fluctuations  along  the  close  vicinity  of  a  diffuser 
wall  in  order  to  evaluate  effectively  the  wall  turbulence  structure  up 
to  onset  of  flow  separation.  Because,  presently  most  experimental  studies 
were  made  at  a  considerable  distance  from  the  wall  and  under  conditions 

1 67 


T 


b 


of  unlikely  flow  separation,  this  investigation  is  desired  to  solve 
the  turbulent  flow  separation  problem. 

Since  the  general  characteristics  of  fluid  motion  is  affected  by  the 
asymmetry  of  diffuser  shapes  used  by  various  investigators,  Yefimenko 
and  Khafakhpasheva  (1976),  instead  selected  the  flat  symmetrical  dif¬ 
fuser,  on  whose  wall  skin  friction  dropped  significantly  along  the  stream- 
wise  direction. 

The  diffuser  total  divergence  angle  was  8°,  inlet  cross  section  40  x 

100mm,  fore  section  400mm,  and  the  test  Reynolds  number  at  the  inlet 
4 

.5-3  x  10  .  Tests  were  made  at  rour  cross  sections  1 ,  ?,  3  and  4,  located 
from  the  inlet  at  x  =  l64mm,  219mm,  ?74mm  and  399mm  respectively. 

The  turbulence  characteristics  were  determined  by  stroboscope  flow  vi¬ 
sualization  and  by  computer  processing  of  the  photographic  materials. 

The  electrodiffusion  method  for  the  measurement  of  skin  friction  applied 
by  Kutateladze,  Kashinskiy  and  Mukhin  (1976)  uses  as  the  working  fluid 
a  solution  of  sodium  hydroxide  and  potassium  ferri  -  and  ferrocyanide 
in  distilled  water.  This  solution  is  also  used  for  flow  visualization 
because  gas  bubbles  are  produced  electrolytically  due  to  the  chemical 
reaction  of  the  working  fluid  with  aluminum  particles. 

The  electrodes  consisted  of  platinum  wire  of  20 ^  diameter  drawn  over 
the  surface  of  a  glass  plug  inserted  into  the  diffuser  wall.  The  light 
beam  from  the  Helios-40  IFK-120  electronic  stroboscope  passed  through 
the  plug  and  illuminated  a  narrow  flow  region  and  the  photographs  were 
taken  through  the  parallel  walls  of  the  working  section.  The  total 
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number  of  instantaneous  velocity  values  amount  (2-3);10J  in  the  range 
+  v*  •  y 

of  0  <£  y  =  — pr^-  <  300  where  v*  is  wall  shear  velocity  defined  by 

X 

(  Tv/  fe)2.  These  instantaneous  values  are  used  for  computer  proces¬ 
sing  to  evaluate  flow  pattern  as  a  function  of  time,  to  analyze  the 
back  flow  near  the  wall  and  to  estimate  the  dimension  of  separated  flow. 

The  magnitude  of  the  wall  shear  velocity  v*  was  derived  from  the  mea¬ 
sured  data  of  Tutateladze,  Kashinskiy  and  Mukhin  (1976)  using  electro¬ 
diffusion  method. 

1.1.1  Results  of  Measurements 

The  analysis  of  the  instantaneous  flow  pattern  by  visualization  and  the 

computer  indicates  that  the  upstream  of  sections  l(x=i64mm),  and  ?(x=?19mm), 

no  region  of  reverse  flow  existed,  but  as  shown  in  Fig,II.l,  at  sections 

3(x=?74mm),  and  4(x=329mm),  instantaneous  local  flow  separations  in  % 

and  of  the  frame,  respectively,  were  observed,  though  the  shape  of  the 

averaged  velocity  profile  is  still  not  that  of  the  separation  profile. 

Futhermore,  from  Figure  TT.l,  it  is  seen  that  the  values  of  the  transverse 

velocity  components  are  of  the  same  order  of  magnitudes  as  the  streamwise 

velocit’'  components.  The  separation  zones  were  a  f ew  milimeters  in  dia- 

,  .  + 

meter.  The  measured  average  streamwise  velocities  at  various  y  are  lower 
than  those  computed  in  the  viscous  sublayer  (line  l)  and  in  channel  or 
boundary  layer  (line  Tl)  as  indicated  in  Figure  II. 2. 

One  example  measured  transverse  velocity  v  is  shown  in  Figure. II, 3.  Its 
absolute  value  decreases  downstream,  but  the  ratio  of  v/uq  increases 
downstream  and  away  from  the  wall.  Nevertheless,  contribution  of  v(du/dy) 
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Fig.TT.3.  Transverse  velocity 
components  v/u.  [.Yefimenko  and 
Khabakhpasheva  ( 1 976) J  1,2, 3. 4, 
correspond  to  locations  of  x  = 
0.164,  0.219,  0.2?4,  0.329  m. 


to  the  momentum  balance  in  the 
wall  region  may  be  significant 
because  the  streamwise  velocity 
gradient  is  large. 

The  three  dimensionality  of  flow 
was  not  measured  but  its  existence 
can  be  indicated  because  the  mea¬ 
sured  values  of  v  are  larger  than 
those  computed  by  the  two  dimen¬ 
sional  continuity  equation. 


The  measured  fluctuating  streamwise 
and  transverse  velocity  /  u'^  and 
normalized  by  the  velocity 
at  the  diffuser  center  line  u  are 


o 


Fig. II. 4.  Velocity  fluctua¬ 


tions.  a,b,c.,d  -\]  u'1 /n^; 

e  -  \[  v  'Vu  T  Yefimenko  and 
Khabakhpasheva  ( 1 976) J 
1 , 2 , 3 , 4 ,  correspond  to  loca¬ 
tions  of  x  =  0.164,  0.219, 
0.274,  0.329  m. 
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shown  in  Figure  II. 4.  The  figure  also  indicates  that  the  magnitudes 
of  the  transverse  velocity  fluctuation  is  smaller  than  that  of  the 
streamwise  fluctuation. 


If  the  ratio  of  the  streamwise  root-mean  velocity  fluctuation is 
plotted  with  respect  to  the  average  local  streamwise  velocity  it  as 
seen  in  Figure  IT. 5,  then  this  >~atio  increases  downstream  and  closer 
to  wall. 


Fig.TT.5.  The  ratio  u'1  /u  .  1,2, 3. 4,  corresponds 

of  location  of  x  =  0.164,  0.219.  0.274,  and  0.3?9  m.  i 
f  -  plane  -  parallel  channel  [  Kutateladze  et  al  (197‘')J 


The  normalized  streamwise  and  the  transverse  velocity  fluctuations 


/ 


v*  and 


v*  of  difr'user  flow  and  plane  parallel 


channel  flow  with  respect  to  the  wall  shear  velocity  are  shown  in 

Figure  TT.6.  Throughout  the  investigated  flow  region  up  to  y+  =  300 

,  + 

-  ‘K)Q  the  velocity  fluctuations  increase  with  the  increase  of  y 


and  the  streamwise  velocity  fluctuation  is  larger  at  small  y  than 
the  maximum  value  of  the  plane  parallel  flow. 
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Lonritudinal  (f)  and  transverse  (ll)  velocity 
•  lurtuations.  -,'\3»^#  corresponds  to  locations  of  x  = 
O.U‘-t  0.-19,  and  0.3?9  m.  (TIT),(lV)  -  plane  - 

parallel  channel  [  Kutateladze  et  al  (1975)3 


Fig. IT. 7.  Turbulent  stresses 

,  f  Yefimenko  and  Khabakhpasheva  (1976)  J 

v*  *" 

1*2*3.^.  correspond  to  locations  of  x  =  0.16k,  0.219» 
0.27k,  0.329  m. 


The  behavior  of  the  Reynolds  stress  is  presented  by  u'v'  in  a  function 
of  y+  in  Figure  II. 7.  Although  in  general,  u'v'  reaches  a  sharp  peak 
with  a  long  trail,  u'v’  did  not  reach  the  maximum  under  test  conditions. 


Fig.TI.8.  Correlation  coefficients 
£  Yefimenko  and  Khabakhpasheva(l976) J  Vu'*Vv’*’ 
1 ,2,3,4,  correspond  to  locations  of 
x  =  0.164,  0.219,  0.274,  0-3?9  m. 


As  indicated  in  Figure  IT. 3,  for  diffuser  flow,  u’v’  is 

considerably  reduced  amounting  0.2  compared  to  ~  0,4  -  0.43  for 
circular  pipe  flow  with  dp/dx  =  0  in  the  region  of  a  well-developed 
turbulent  flow. 


The  relation  of  u’v'  with  respect  to  kinetic  flow  energy  along  the  dif¬ 
fuser  center  line,  u'v’/^u^  in  a  function  of  y //  is  not  monotonic 
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as  shown  in  Figure  II. 9. 


Fig. I I. 9.  Turbulent  stresses 


In  Figure  II. 9.  it  is  seen  that 

at  section  3,  the  values  of 
_ _ 

u'v'Au  are  the  lowest,  while 
o 

the  highest  at  section  4  at  large 
y,  but  at  sections  1  and  ?,  almost 
equal  values  prevail,  independent 
of  the  streamwise  distance. 

The  boundary  layer  thickness  used 
in  Fig. II. 9,  is  determined  from 
the  velocity  profile  measured  by 
Kutateladze,  Kashinskiy  and  Mukhin 
(1976). 


--  V—  . £ Yefimenko  and  Khabakh- 
/2uq  pasheva  (1976)J 

1,2, 3 , 9,  correspond  to  locations  of 
x  =  0.164,  0.219,  0.274,  0.3?9  m. 


1 .?. 


Characteristics  of  Turbulent  Boundary  Laver  Affected 


l 


by  Adverse  Pressure  Gradient  Tnvolvinp  Separation 
Kutateladze,  Kashinskiv  and  Kukhin  (1976),  accurately  measured 
by  applying  the  electrodiffusion  method,  the  mean  and  fluctuating  com¬ 
ponents  of  wall  shear  stress  and  flow  velocity  in  a  wide  range  of  ad¬ 
verse  pressure  gradients  involving  rlow  separation. 

The  survey  of  the  present  state  of  art  by  Kutateladze  et.  al. 
shows  that:  the  skin  friction  computed  from  the  velocity  profile  mea¬ 
sured  bv  Clauser  (196*0  is  not  applicable  !'or  a  strong  adverse  pres¬ 
sure  gradient  and  only  Ludwieg- fillnann 's  (19^9)  eouation  given  bv 


CP  =  0.?A6  ■  10-°'67Rh  (He 


is  involved  with  the  directly  measured  skin  friction.  This  equation 
does  not  satisfy  the  separation  condition  of  %  =  0  for  H  =  Hcr>  al¬ 
though  this  equation  provides  a  ve’-y  snail  value  of  Cr  at  H  >  3  " 
However,  the  extrapolation  tecr.nique  ror  0,  is  often  used  to  de¬ 

termine  the  separation  condition  if  this  equation  is  selected  for  sim¬ 
plicity.  Ludwieg  and  Tillmann  (19^9),  installed  the  thermocouple  flush 
with  the  wall  but  it  is  known  that  the  low  reliability  of  the  thermo¬ 
anemometer  readings  close  to  the  wall  does  not  yield  an  accurate  deter¬ 
mination  of  the  intensity  of  velocity  fluctuation  in  the  viscous  sub¬ 
layer  nor  of  the  fluctuation  intensity  of  the  wall  shear  stress. 

For  the  separated  turbulent  flow,  the  quantitative  information  is  scare. 
Therefore,  Sandbom  and  Liu's  (1968)  instrumental  study  of  structure  of 
the  separation  zone  indicates  that  the  presence  of  the  back  flow  can  be 
determined  with  a  dual  thermoanemometer  probe.  Khabakhpasheva ' s  (197*0 
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stroboscope  method  of  visualization  showing  the  higher  intensity  of 
shear  stress  fluctuation  on  the  diffuser  wall  than  on  the  flat  channel 
may  p.ovide  more  detailed  information.  The  conventional  methods  which 
do  not  allow  tack  flow  introduce  the  indeterminate  error. 

Thus,  in  order  to  contribute  to  the  solution  of  the  essentially 
unsolved  '-rorlem  of  the  turbulent  boundary  layer  with  streamwise  adverse 
pressure  gradient  involving  separation,  Kutateladze  et.al.  presented 
tne  electrodi f fusion  method,  the  measured  data  and  their  findings. 

"lectrondiffusion  probes,  made  from  platinum  wire  (SO-lOO^u)  or 
o  strip  embedded  in  a  chemical  glass  cvlinder  of  about  0.2m  diameter, 
were  inserted  into  a  recess  in  the  wall  of  the  interchangeable  working 
section  of  the  closed  rlow  loop.  The  working  fluid  consisted  of  a  so¬ 
lution  o*'  0.5N  sodium  hydroxide  and  0.0051-  potassium  ferri-and  ferro- 
c /amide  in  distilled  water. 

*  Measurements  of  Wall  Shear  Stress  and  Flow  Velocity 

The  same  technique  was  used  ror  measurements  of  wall  shear  stress 
and  flow  velocity.  The  wall  shear  stress  is  related  to  the  probe  cur¬ 
rent  by 

T.=  (i  .B7/Ut3)/(f3  c:o3  if  £  h3)  =  a:3 

for  a  rectangular  probe  and 

To  =  (3-16^t3)/(f3  co3  d?  do5) 
for  a  circular  probe.  The  symbols  meant 
%  -  wall  shear  stress 
A  -  dynamic  viscosity 


I  -  probe  current 


F  -  Faraday  number 

C  -  concentration  of  active  ions 
o 

D  -  diffusion  coefficient 

2  -  longitudinal  dimension  of  probe 

h  -  transverse  dimension  of  probe 

A  -  coefficient  to  be  determined  by  calibration 

d  -  diameter  or  circular  Drobe. 
o 

These  equations  are  formulated  by  assuming  that  the  velocity  profile 
close  to  the  wall  is  linear  and  the  sheer  stress  is  stead". 

Thus,  for  the  linear  veloeit'.  profile,  if  the  properties  of  the 
electrolyte  are  known,  then  stead"  ~rB  can  ie  computed  from  these  eoua- 
tions  by  measuring  current  value. 

However,  with  a  pressure  gradient,  it  is  necessary  to  take  into 
account  the  effect  of  the  quadratic  term  ir.  the  series-«.x;  ar.sior  of 
veloeit-.  near  the  wail,  thereto"?  veloeit  is  computed 
u  =  To  /ju  -y  +  '-/''•/<  (dp/dx) -y‘ 

".'he  mr-’-it  of  the  elec trodif fusion  method  is  readily  seer  -'cause  the 
thickness  o''  the  diffusion  layer  is  small  and  •"or  the  separation 0, 
■ore ideration  of  the  second  torn  is  necessarv .  For  the  unsteady  wall 
rr.enr  stress  involving  ‘'luctuation,  the  following  correction  is  needed. 
-  A ?  ^  ss  A(  ^  +  3  I  •:  "  ’) 

where  is  mean  square  value  of  I  fluctuation.  The  root-mean-square 

of  wall  r.h»ar  stress  was  determined  by 

fT?/  r°  3  ~ 

a 

i-ilarlv,  the  mean  velocity  is  evaluated  by 
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U=  U  (1  +  I’2/  I2) 

where  u  is  the  velocity  for  no  fluctuation  and  the  degree  of  flow 
turbulence  is  given  by 

£  =  V?5/  u  =  2  /i'2/  T 

The  electrodiffusion  method  for  velocity  measurement  is  analogous  in 
many  respects  to  constant- temperature  hot  wire  anemometry. 

Since  the  drift  of  probe  characteristics  is  unavoidable  due  to 
contamination  in  the  fluid,  a  sequence  of  calibration-measurement- 
calibration  is  needed  and  velocity  measurement  is  calibrated  by  a 
laser-Doppler  anemometer. 

The  relative  error  of  mean-value  measurement  by  the  electro-dif¬ 
fusion  method  amounted  to  5“ 7?  for  wall  shear  stress,  2.5“3&  for  local 
velocity  and  turbulence  intensity  and  10-15*  for  £  =0.5. 

1.?.?  Determination  of  Characteristics  of  Separated  flow 

In  order  to  fix  the  flow  direction,  an  attempt  was  made  to  detect 
the  transitory  stall  by  the  modified  electrodiffusion  method  by  build¬ 
ing  a  special  electronic  circuit.  The  oscillograms  of  the  circuit  out¬ 
put  are  then  used  to  determine  the  streamwise  of  the  reverse  components 
of  the  wall  shear  stress  in  the  transitory  stall  regime.  A  dual  elec¬ 
tro  diffusion  probe  consisting  of  two  closely  adjacent  rectangular  pro¬ 
bes  is  shown  in  Fig. II. 10. 

If  the  source  voltage  is  applied  to  one  probe  only,  then  the  probe 
will  show  the  same  current.  However,  if  the  voltage  is  applied  to  both 
probes,  then  the  diffusion  wake  from  the  upstream  probe  will  form  a 
screen  over  the  second  probe  which  indicates  a  lower  diffusion  current. 
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Fig. II. 10.  Schematic  diagram  of  dual 
electrochemical  probe. 

£  Kutateladze  et  al  ( 1976)J 


But,  if  flow  reverses,  then  the  first  probe  will  show  a  smaller 
current  value.  In  order  to  process  the  probe  signals,  a  special 
electronic  circuit  consisting  of  amplifiers,  inverter,  commutator, 
reference-frequency  generator,  electronic  switch  and  frequency  me¬ 
ter  were  built.  The  examples  of  oscillograms  or  the  circuit  out¬ 
put  recorded  with  an  N  105  oscillograph  at  scanning  rate  of  250  mm/sec. 
in  the  transitory  stall  regimes  are  shown  in  Figure  II. 11. 


Fig. II. 11.  Oscillograms  of  output  voltage  of  measuring 
circuit.  [  Kutateladze  et  al  (1976)3 
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A  positive  signal  polarity  on  the  oscillogram  corresponds  to  a  for¬ 
ward.  direction  close  to  the  wall,  while  a  negative  polarity  corres¬ 
ponds  to  the  back  flow.  The  moments  of  transition  from  the  positive 
to  the  negative  signal  polarity  correspond  to  the  passage  of  shear 
stress  through  the  zero  point  corresponding  to  the  change  of  the  sign, 
with  large  absolute  value  to  the  probe  signal.  This  is  due  to  the 
larger  error  of  the  wall  shear  stress  measurement  by  the  electro-dif¬ 
fusion  method  when  the  instantaneous  value  of  7^  approaches  to  zero 
because  the  diffusion  current  of  the  probe  is  determined  essentially 
by  the  second  term  of  the  equation 

u=  T.  /jUy  *  (i/2liig  y2 

involving  instantaneous  pressure  gradient.  The  signal  similar  to 
Fig. I I. 11,  can  be  used  to  approximate  the  positive  and  negative  com¬ 
ponents  of  the  wall  shear  stress  in  the  transitory  stall  regime  where 
the  intensity  of  forward  and  back  flows  with  a  rapid  transition  from 
one  flow  direction  to  the  other  is  high. 

1. 2.2.1  Results  of  Measurements 

Kutateladze  et.  al.  presented  the  following  semi-empirical  for¬ 
mulas!  f  *  1  ♦  177f 

H  *  1.3  -  177f 

admitting  that  these  equations  do  not  correlate  all  the  measured  data 
on  the  various  diffuser  flows. 

The  function  is  defined  by  ^  *  (Cj/Cf)*Re^.  The  value  of 
0^  is  evaluated  baaed  upon  the  measured  data  of  wall  ahear  stress 
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'Tg  and  the  velocity  at  the  outer  edge  of  shear  layer  ug.  The  value 

of  C_  is  computed  by  using  Squire  and  Young’s  (1938)  equation! 

0 

Cfo  =  2/  [5.89  log1Q(4.075*Ree)}Z 
The  symbol  f  refers  to  the  well-known  boundary  layer  parameter 

A  dUo 

0  _ e  _  ^ 

u  dx 
e 

On  the  other  hand,  Kutateladze  et.  al.  confirmed  that  the  Ludwieg- 
Tillmann's  equation  correlates  well  with  their  experimental  data. 
However,  the  skin  friction  coefficient  evaluated  by  Clauser  (1954) 
did  not  correlate  well,  especially  for  small  values  of  . 


1-2.3  Some  Fluctuation  Characteristics  of  Boundary  Layer  in  an  Adverse 
Pressure  Gradient 

By  taking  account  of  fluctuation  characteristics  of  the  boundary 
layer  for  the  adverse  pressure  gradient  flow,  the  error  of  measurement 
can  be  assessed  and  the  nature  of  channel  flow  may  be  better  understood. 

The  measurement  of  the  channel  flow  indicates  that  the  Btreamwise 
velocity  fluctuation  u’  reaches  its  maximum  at  a  large  distance  from 
the  wall.  Furthermore,  the  intensity  of  the  turbulence  in  the  core  in¬ 
creases  in  the  flow  direction,  apparently  due  to  the  fluctuations  of  the 
instantaneous  displacement  thickness  of  the  boundary  layer  at  the  wall 
and  rate  of  turbulence  increase  in  the  core  is  dependent  upon  the  degree 
of  blockage  of  the  channel  cross-section.  This  increase  of  turbulence 
in  the  core  is  considered  as  a  specific  internal  flow  feature  distinct 
from  that  of  external  flow.  It  may  be  noted  that  despite  the  increased 
turbulence  in  the  core  itself  remains  as  a  region  of  constant  velocity. 
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In  the  transitory  stall  regime,  the  hack  flow  coefficient  7*  * 
defined  as  the  ratio  of  the  life  time  of  the  hack  flow  to  the  total 
time  of  measurement,  amounted  2.5-15&. 

The  coventional  probes  with  no  correction  of  hack  flow  responds 
only  to  the  positive  velocity  component  resulting  with  an  error  of  the 

order  of  T  in  a  given  cross-section.  Thus,  if  the  value  of  TT  is 

s  s 

unknown,  tie  error  of  the  measurement  is  indetermineate.  Pig. II. 12 
shows  an  example  of  velocity  profile. 


I  2  1 


Fig. II. 12.  Velocity  profiles  in  the  boundary 
layer.  Regime  203.  1-x  =  0.164  m;  2-x  =  0.219  mj 
3-x  *  -.274  m;  4-x  =  0.319  mi  5-x  =  0.384  m. 
[Kutateladze  et  al  (1976)J 


For  snail  values  of  ln(yv*/»J  ).  velocity  distribution  is  logarithmic 
but  at  its  larger  values  the  measured  data  are  error  in  order  of  7"  • 
thus  should  be  smaller. 

The  measured  data  of  H  and  f  vary  between  1.53-2.00  and  1 .8-6.9 -lO-^ 
respectively  as  varies  between  0-14. indicating  that  in  the  in¬ 
ternal  flow,  the  back  fj  ■.  coefficient  *»-  does  not  correlate  the  con- 

9  s 

ventional  aerodynamic  parameters. 

Kutateladze  et.al.,  confirm  the  writer's  opinion  (Chang,  1970)  that 
separation  of  the  internal  flow  differs  from  that  of  the  external  flow. 
For  the  internal  flow,  as  mentioned  previously,  turbulence  increases  in 
the  core  and  the  boundary  layer  thickness  near  the  separation  is  thick 
comparable  to  the  channel  dimension  affecting  the  stream  line  displace¬ 
ment  by  f*  which  in  turn  strongly  increases  turbulence  in  the  core  as 
well  as  characteristics  of  boundary  layer  in  a  given  cross-section. 


1.2.4  Effect  of  Three-Dimensionality  of  Flow 


The  effect  of  the  three-dimensionality  of  the  flow  with  an  adverse 
pressure  gradient  to  the  flow  characteristics,  especially  to  the  separated 
flow,  has  been  assesed  by  the  difference  of  the  measured  data  by  */^(x) 
from  that  of,  '/'^(x)  of  the  momentum  equation.  In  non-dimensional  form. 


%  * 


(u  ze) 

'  e  'c 


r  x  u 

-1  +  1/2  J  /*/»  •  d(  -S"2  ) 


v*  *  S  (?>•<*<!  ) 


where  subscript  o  refers  to  some  initial  cross-section  x  s  xQ. 
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If  the  pressure  gradient  is  zero  or  favorable,  then  ^(x)  = 
S^(x)  satisfying  the  momentum  equation  as  reported  at  the  Stanford 
Conference  (1968),  but  for  flow  with  adverse  pressure  gradient  dif¬ 
ference  between  f ^(x)  and  if  ^(x)  occurs  which  is  attributed  to  the 
pressure  of  the  three-dimensional  flow. 

This  three-dimensional  effect  is  evident  in  the  separated  flow 
since  it  is  well-known  that  the  separated  flow  is  multi-dimensional. 

As  shown  in  Fig.II.13,  in  the  separated  flow  regime,  a  large  discre¬ 
pancy  exists  between  the  values  of  4^(x)  and  confirming  the 

existence  of  three-dimensional  flow. 


Fig. II. 13.  Test  of  relation  [  Mirskiy  (1972) J  . 

Regime  203 . 

Although,  Head  and  Rechenberg  (1962),  by  using  a  Preston  tube  for  a 
pipe  flow  observed  the  very  substantial  and  almost  periodic  variation 
in  skin  friction  at  right  angles  to  the  flow  direction  in  the  develop¬ 
ing  turbulent  boundary  layer,  Kutateladse  et.al,  did  not  notice  perio- 


dicity  in  the  wall  velocity  changes. 


2.  Cavity  Flow 

Cavity  flow  models  have  been  surveyed  by  A.  V.  Gorin  (1 976)  in  his 
review  paper  entitled,  "Survey  of  Models  for  Calculating  the  Flow  of  an 
Incompressible  Fluid  in  a  Square  Cavity",  Gradient  and  Separated  Flows, 
(1976),  ed.  S.  S.  Kutateladze,  Academy  of  Sciences  of  the  USSR,  Siberian 
Department,  Institute  of  Thermophysics,  Novosibirsk,  citing  mostly  twen¬ 
ty  nine  non-Russian  references  and  seventeen  Russian  ones,  including  the 
USSR  experimental  investigations.  Therefore,  only  brief  remarks  on  the 
Russian  analytical  works  on  cavity  flow  model  are  citied  first  and  then 
the  experimental  investigations  in  the  USSR  on  cavity  flow  are  presented 
separately . 

2.1  Cavity  Flow  Model 

Kochin,  Kibel  and  Roze  (1963),  attempted  to  solve  the  problem  of 
cavity  separated  flow  based  on  the  inviscid  flow  theory. 


Fig. I I. 1^.  "Inviscid"  models  of  flow  in  a  cavity. 
[Gorin  (1976)] 
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The  potential  streamlines  entering  the  cavity,  as  sketched  in  Fig.II .14a, 
are  considered  and  the  problem  is  solved  by  confirmal  mapping  of  the 
flow  field.  As  an  alternative  way,  based  upon  the  concept  of  Kirchhoff, 
as  shown  in  Fig.7T.l4b  the  flow  field  is  divided  into  two?  the  forward 
flow  field  with  undisturbed  flow  velocity  in  the  upper  plane  and  a 
calm  flow  region  in  the  cavity.  These  two  flow  models  do  not  represent 
the  real  flow  phenomena  as  experiments  indicate,  because  the  magnitude 
of  velocity  predicted  by  these  models  in  the  cavity  are  comparable  to 
u, o  ,  contrary  to  the  lower  value  at  the  cavity  floow  (Fig.II .14a  model) 
and  equal  to  zero,  (Fig. II. 14b  model).  Furthermore,  the  analytical  so¬ 
lution  obtained  by  Kirchhoff 's  method  is  not  unique,  since  for  each  pres¬ 
sure  chosen  in  the  separated  flow  region,  -there  will  be  a  different  in¬ 
terface  shape  and  a  new  point  of  separation  of  the  free  stream  line  from 
the  surface. 

Gol'dshtik  (1962),  modeled  the  cavity  flow  based  on  the  concept  of 
"composite”  motioni  the  flow  is  potential  outside  the  separation  zone 
and  in  the  separation  zone  vorticity  is  uniform,  as  indicated  in  Fig. II . lb 
The  stream  lines  evaluated  by  numerical  computation,  based  on  this  model, 
are  in  a  qualitative  agreement  with  those  observed  by  experiment.  From 
the  practical  viewpoint,  these  three  inviscid  flow  analysis  do  not  yield, 
of  course,  the  desired  information  on  friction  and  heat  transfer  affected 
by  viscosity. 

Neyland  and  Sychev  (1970),  based  upon  the  the  asymptotic  approach, 
generalized  the  analysis  to  be  applicable  for  rotational  flow  closed  by 
any  stream  lines.  They  alBo  explained  the  physical  meaning  of  the  exp re- 
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^u2d f-  =  const. 

obtained  by  Batchelor  (1956)  for  the  two-dimensional  recirculating  flow 
within  the  circular  region  boundary  by  a  wall,  as  the  balance  of  shear 
forces  at  the  fixed  and  mobile  boundaries  of  the  vortex.  Thus,  the  ef¬ 
fect  of  rotation  of  the  vortex  core  can  be  neglected  since  these  forces 
balance  out. 

Nakoryakov,  Badatov  and  Slin'ko  (1970),  applied  Korst’s  concept, 
to  solve  the  problem  of  rectangular  cavity  flow.  The  velocity  distri¬ 
bution  in  the  mixing  zone  was  obtained  for  two  constant  velocities  u04 
and  ue2-  The  shear  stress  at  the  cavity  wall,  neglecting  the  comer 
eddies,  and  assuming  laminar  flow  over  a  flat  plate,  was  formulated  by 

3/2  "3/2  ~1/2 

r  =  0.33^uei  (0.74+1.1  3\Ty^7)  (vx2) 

Where  /j  and  /  ^  are  the  length  of  mixing  zone  and  the  total  length  of 

the  cavity  wall  respectively  and  u_  is  undisturbed  external  flow  velocity. 

el 

2.2  Experimental  Investigations  of  Cavity  Flow 

Experimental  investigations  are  carried  out  for  the  velocity  field, 
the  wall  shear  stress,  and  the  side  wall  effect  of  the  cavity  flow. 

2.2.1  Velocity  Field  in  Cavity 

Bogatyrev,  Dubnishchev,  Mukhin,  Nakoroyakov,  Sobolev,  Utkin  and 
Shmoylov  (1976),  investigated  velocity  fields  of  laminar  and  turbulent 
flow  in  a  square  cavity  by  using  laser- Doppler  anemometry. 


Measured  data  of  velocity  profiles  are  correlated  in  ordinary  "jet" 
coordinates  because  it  is  considered  that  the  jet  flow  prevails  after 
the  flow  separation  from  the  top  edge  of  the  upstream  wall.  The  ca¬ 
vity  flow  pattern  is  thus  considered  as  follows:  When  the  jet  from 
the  top  edge  of  the  upstream  wall  strikes  the  downstream  wall,  a  por¬ 
tion  of  the  jet  is  directed  to  the  bottom  comer  of  the  wall  forming 
an  eddy  and  turns  from  the  bottom  comer  of  the  downstream  wall.  The 
flov.'  then  spreads  along  the  floor  surface  of  the  cavity  toward  the  up¬ 
stream  wall  forming  another  eddy  in  the  bottom  corner  of  this  wall. 

After  flowing  away  rj-oni  the  floor  surface,  the  jet  mixes  with  the  free 
stream  in  the  mixing  zone. 

This  jet  flow  model  is  simple  compared  to  Charwat,  et  al's( 1961b), 
an  experimental  mass  exchange  cavity  model  which  involves  three  layers 
in  the  cavity;  shear,  buffer  and  reverse  flow  layers,  and  could  breathe, 
i.e.  the  separating  stream  line  pulsates.  A  large  recompression  vortex 
is  o’oserved  at  the  corner  of  the  downstream  wall  while  there  is  a  smaller 
one  at  the  opposite  comer  of  the  upstream  wall  with  the  direction  of  ro¬ 
tation  opposite  to  that  of  the  recompression  vortex.  For  this  model, 
fluid  rlow  is  not  considered  as  a  jet. 

It  may  be  recalled  that  Kline  (1959),  observing  four  different  in¬ 
compressible  diffuser  flows  with  a  successive  increase  of  divergence  an¬ 
gle  of  wall  surface,  unstalled  flow,  transient  three-dimensional  stall, 
steady  two-dimensional  flow  and  finally  at  largest  divergence  angle, 
tested  the  jet  flow  separation  from  the  wall. 

Chartwat  et  al  ( 1961a, b)  do  not  consider  their  sophisticated  mass 
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exchange  model  sufficiently  complete.  Thus,  it  may  be  of  interest  to 
find  out  whether  the  simpler  Bogatyrev  et  al's  jet  flow  cavity  model 
is  useful  to  understand  the  complex  cavity  flow  problem. 


2.?.?  Wall  Shear  Stress  in  Cavities 

V.Ya  Bogatyrev  and  V.  A.  Mukhin,  measured  the  mean  incompressible 
turbulent  shear  stress  and  reported  in  the  monograph  "Gradient  and  Se¬ 
parated  Flows"  ed.  S.  S.  Kutateladze,  1976. 

Applying  the  electro-dif "usion  method,  the  mean  incompressible  tur¬ 
bulent  shear  stresses  were  measured  in  rectangular  cavities  over  a  range 

4 

of  a  Beynolds  number  of  t.c  -  7-5  x  10  ,  based  upon  the  mean  flow  rate 
in  the  channel  W  and  the  channel  diameter  d,  and  tor  various  cavity  len¬ 
gths  but  with  its  constant  depth.  The  working  -Quid  of  the  electrolyte 
was  circulated  in  a  closed  return  loop.  The  cavity  was  formed  by  the 
sudden  axisymmetric  expansion  of  the  channel  diameter  from  3*  •  5  mm  to 
169.5  mm  followed  by  its  equally  sudden  contraction  to  the  original  dia¬ 
meter.  This  type  of  cavity  geometry,’  ensured  the  elimination  of  side- 
wall  effect.  The  depth  of  the  cavity  (h)  was  kept  at  a  constant  69  mm 
but  the  cavity  length  (L)  was  varied  in  a  range  of  L/h  =  1.0,  0.7,  and 
0.5.  By  providing  a  sufficient  length  of  the  entrance  length  of  100 
calibers  it  was  possible  to  stabilize  the  upstream  flovi  of  the  cavity. 

As  the  sensing  element  for  the  measurement  of  mean  shear  stress,  . 
platinum  wire  of  0.5  mm  diameter  was  mounted  flush  with  the  surface  of 
the  probe.  The  signal  from  the  probe  was  relayed  to  a  special  d.c.  am¬ 
plifier  (the  EDP-1,  electrodiffusion  transducer)  developed  at  the  Ins- 


titute  of  Thermal  Physics  of  the  Siberian  Branch  of  the  Soviet  Aca¬ 
demy  of  Sciences.  In  order  to  keep  the  physical  properties  of  the 
working  fluid  constant,  its  temperature  was  maintained  at  25  1  0.2°G. 

The  magnitude  of  shear  stress  was  computed  by 

Tv  =  (  3.16/1  3.  I3  )/  F^D^o^dp  (l) 

where  /A.  is  dynamic  viscosity,  I  probe  current,  F  Faraday  number,  D 
diffusion  coefficient,  Co  concentration  of  ferricyamide  ions  outside 
the  diffusion  boundary  layer  and  dp  the  probe  diameter.  The  accuracy 
of  this  evaluation  was  checked  within  an  error  of  10$  with  its  value 
calculated  by  the  Blasius  formula. 

The  measured  shear  stress  distributions  on  the  cavity  wall  are 
shown  in  Fig.TI.15,  16,  and  1?  for  L/H  =  1,  0.7  and  0.5  and  in  a  para¬ 
meter  of  Re  .=  W  d/V#  . 

Bogatyrev,  Dubnishchev  et  al  (1976),  found  that  the  shapes  of  shear 
stress  distributions  over  the  cavity  walls  correspond  to  the  shapes 
of  velocity  distributions  of  boundary  layer  on  the  cavity  walls. 

As  shewn  in  Fig.II.15,  16  and  17,  the  behavior  of  shear  stress  dis¬ 
tribution  is  similar  to  each  other  in  the  range  of  the  Reynolds  numbers 
of  the  test.  The  shear  stress  is  maximum  near  the  top  edge  of  the-  down¬ 
stream  wall  and  diminishes  rapidly  toward  the  bottom  of  the  cavity  in  a 
relation  of  .  This  is  caused  by  the  wall  jet  flowing  up¬ 

ward  toward  the  mixing  zone  and  striking  the  downstream  wall  of  the  ca¬ 
vity. 

From  these  shear  stress  distributions  the  following  cavity  flow 
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structure  is  conceivedi 


The  wall  jet  is  divided  into  two  parts;  the  proper  jet  region  and 
the  wall  flow  boundary  layer. 

The  ->oundar-\  laye’"  separation  point  is  located  at  the  position 

ot  *ho  minimum  shea;  stress  (close  to  aero)  i.e.  at  x  =  x/H  =  0.8  for 

,  x  =  0.7  or  L/V.  -  0.',’  and  0 .  r. .  ".'he  rrowth  of  the  shear  stress 

a ’'ter  the  separation  is  attributed  to  the  secondary  eddies  with  their 

ro tat. oral  di-e  tions  opposite  to  those  of  the  primary  eddies.  Because 
the  probe  is  inserts  it  i  ;e  to  chances  of  the  flow  direction,  the  skin 
friction  increase  is  recorded.  On  the  bottom  of  the  cavity,  the  skin 
rrietion  is  large,  then  decr  eases  to  a  smaller-  value  close  to  zero,  fol¬ 
lowed  by  a  decrease  almost  to  zero  at  x  =  0.6  -  0.7,  indicating  that  the 
stagnation  zone  exists  there. 

Although  limited  to  one  geometry  of  cavity,  the  measured  shear 
stress  data  is  presented  by 

,  o.?3 

Cf  =  2  ?w/  f  v)  =  f(x)  -  He 

where  lie.  *  W  L/ V  ,  as  shown  in  Fig.iT.l8. 

L 

Thus,  shear  stress  distribution  may  ire  generalized  by  the  single  curve 
0  23 

of  Cr  7e^'  J  vs.  x/r!  in  a  parameter  of  !./H,  for  all  test  Reynolds  num¬ 
bers  as  shown  in  Fig. IT. 19.  70  and  71.  The  data  in  these  Fig. 1 1. 19,  20 
and  21  measured  by  Oka  (1969)  correlate  well  with  those  of  Bogatyrev 
and  Mukhin  (1976)  for  two  cases  of  L/H  =  1.0  and  0.7,  but  differ  for 
L/H  =  0.5. 
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Fig. IT. 18.  Graph  of  the  function  C  *  f(Re. ) . 

[  Doga tyre v  and  Mukhin  (1976) J 

For  such  a  narrow  and  deep  cavity,  it  iB  possible  two  vortices  may 
be  tormed  in  the  upper  and  lower  layers  in  the  cavity.  Therefore, 
the  discrepancy  for  L/H  =0.5  may  be  explained  for  the  possible  for¬ 
mation  o.  two  eddies,  with  a  larger  vorticity  for  the  upper  eddy  than 
the  lower  eddy  for  the  test  of  Oka  (1969);  while,  for  Sogatyrev  and 
Mukhin's  (1976)  experiment-at-large  Reynolds  number  only  one  vortex 
lias  been  formed  . 

Dadatovjflin'ko  and  Nakoryakov  (1970),  compared  the  experimen¬ 
tal  data  of  the  turbulent  shear  stress  in  a  square  axisymmetric  ca¬ 
vity  with  those  calculated  by  two-dimensional  analysis,  neglecting 
the  comer  eddies  as  shown  in  Fig. IT. 22. 


Fig. IT. 19-  Change  in  generalized  friction  coefficient 
along  the  cavity  Kails  for  L/H  *  1. 

[  Bogatyrev  and  Mukhin  (1976)] 
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Fig. IT. 21.  Change  in  generalized  friction  coefficient 
along  cavity  walls  for  L/H  3  0.5- 
[  Bogatyrev  and  Mukhin  (1976)  ] 


Fig. II. 22.  Comparison  of  experimental  and  calculated 
data.  £  Bogatyrev  and  Mukhin  (1976) J 
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As  seen  in  Fig. II. 22,  at  the  small  value  of  x  ,  i.e.  in  the  upper  re¬ 
gion  of  the  downstream  wall,  where  the  wall  jet  effect  is  pronounced 
but  the  effect  of  axisymmetry  is  not  apparent,  the  measured  data  is 
layer  than  those  computed.  But  at  large  value  of  x  ,  where  the  effect 
of  channel  divergence  is  appreciable  and  the  flow  velocity  of  the  ex¬ 
periment  was  lower  than  the  plane  cavity  the  measured  data  is  smaller 
than  the  calculated  values. 

Although  limited  to  the  rectangular  cavity  geometry  in  a  range 
of  L/H  =  1.0  -  0.5,  3ogatyrev  and  Mukhin's  ( 1 976)  experimental  inves¬ 
tigation  for  the  mean  turbulent  shear  stress  on  the  cavity  walls  is 
valuable  information. 

However,  in  order  to  understand  the  complex  cavity  flow  in  gen¬ 
eral,  it  appears  that  a  wider  range  of  the  investigations  covering 
not  only  a  deep  but  also  a  shallow  cavity  flow  phenomena  are  needed, 
because  as  Charwat  et.  al.  (1961a),  found  that  a  maximum  (critical) 
ratio  of  L/H  exists  beyond  which  the  cavity  collapses  leaving  mutu¬ 
ally  independent  separated  flow  regions  at  each  protrusion. 

Chapman  et.  al.  (1957).  measured  pressure  distributions  on  rec¬ 
tangular  cavity  walls  in  a  range  of  L/H  =  1.0  ~  16,  Charwat  et.al. 
(1961a)  in  a  range  of  0~13.  Tani  et.al.  (1961),  0.5~-2.5.  The  shear 
flow  velocity  distributions  within  the  cavity  were  measured  by  Chap¬ 
man  et.al.  (1957).  and  Charwat  et.al.  (1961a)  and  streamwise  fluctu¬ 
ating  velocity  components  and  Reynolds  stresses  within  the  cavity  were 
measured  by  Tani  et.al.  (1961).  Charwat  et.al.  (1961b),  measured  dis¬ 
tributions  of  the  drag  coefficient,  temperature,  heat  transfer  coeffi- 


201 


cient  and  the  boundary  layer  thickness  of  the  cavity  flow  for  a  wide 
range  of  L/H. 


2.2.3  Side-Wall  Effects  in  Rectangular  Cavities 

The  multidimensionality  of  the  separated  flow  is  assessed  quan¬ 
titatively  by  Bogatyrev  and  Gorin  (1976),  through  the  experimental  in¬ 
vestigation  on  the  side-wall  effects  in  the  rectangular  cavities  and 
reported  in  the  monograph  "Gradient  and  Separated  Flows"  ed .  S .  S .  Kuta- 
teladze,  1976. 

Kalinin,  Dreytser  and  Yarkho ( 1 972) ,  considered  the  eddy  flow  in 
a  square  cavity,  is  not  two-dimensional  and  steady  over  the  entire  span 
of  the  cavity.  Although  cavity  flow  structure  may  be  determined  by 
the  two-dimensional  eddy  cells,  three-dimensional  ejections  of  fluid 
were  thought  to  be  taken  place  in  cross-section  spaced  at  roughly  equal 
intervals  along  the  span  of  the  cavity.  Through  the  process  of  tran¬ 
sfer  of  mass  and  energy  between  the  eddy  flow  and  main  flow,  with  low  and 
high  momentum,  it  is  conjectured  that  the  mass  is  ejected  periodically. 

On  the  other  hand,  experimental  investigations  of  Maull  and  Easter(1963) 

K is tier  and  Tan  (196?)  Kalinin  et.al.  (197?),  indicate  that  the  three- 
dimensional  flow  in  the  cavity  may  be  caused  by  the  retat'ding  action  of 
the  side  walls  and  the  sensitivity  of  internal  two-dimensional  flow  to 
the  disturbances  in  the  mixing  zone. 

The  velocity  fields  were  measured  by  the  laser-Doppler  anemometer 
V.  I.T>a)  developed  at  the  Institute  of  Atomic  Energy  of  the  Siberian  Branch 
of  the  Soviet  Academy  of  Sciences. 
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Bogatyrev  and  Gorin  (1976),  measured  laminar  and  turbulent  ve¬ 
locity  profiles  for  Re  =  2H/ji  =  1.500  and  15,000,  respectively, 
(Uq  is  flow  velocity  at  the  channel  axis  located  10  mir.  upstream  of 
the  cavity  and  H  =  i0  mm  is  the  channel  height)  in  two  central  sec¬ 
tions  and  at  three  spans  5  =  40,  60  and  100  mm  of  L  "  H  =  40  m  ca¬ 
vity  as  shown  in  Fig.TT.23  and  II. ?M. 


Fig. IT. 23-  Velocity  profiles  in  two  central  cross- 
sections  of  a  square  cavity  for  laminar  flow  regime 
(Re  =  1 -5-103) . 
f Boeatvrev  and  Gorin  (1976)1 


0 
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L/h  Xe  »  i,s  so* 

F ig .II . 24 .  Velocity  profiles  in  a  square  cavity  for  tur- 

4\ 

bulent  flow  regime  (Re  =  1.5-10  ). 

^Bogatyrev  and  Gorin  (1976)J 
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Evidently  the  effects  of  the  side  walls  and  the  span  dimensions  may 
be  assessed  quantitatively  from  these  figures.  Further  evidences  of 
effects  of  the  side  walls  and  the  span  dimensions  of  the  laminar  and 
turbulent  cavity  flows  are  indicated  in  Fig. II .25  and  11.26,  expressed 
in  the  ratio  of  velocity  at  the  edge  of  the  boundary  layer  u^  with  res¬ 
pect  to  Uq  and  6  /h’  where  S  is  boundary  layer  thickness. 


•*,/*  x,/H  Xj/H 


Fig. IT. 25.  Changes  in  relative  velocity  u ,^/u  a*,  edge  of 
the  boundary  layer  and  in  relative  boundary- layer  thickness 
6 /H  along  cavity  walls  for  Re  =  1500. 

[Bogatyrev  and  Gorin  (19?6)J 

Key  s  a  -  for  velocity;  b  -  for  boundary-layer  thickness. 
•  ,0  —  for  speed 
g ,q  —  for  boundary  layer 


Re  *  IS  OOO 


Fig.  I T . 26 .  Change  ir.  the  relative  velocity  Um/UG  at  the  edge 
of  boundary  lave-  and  in  the  relative  boundary-layer  thickness 
<T/h  along  cavil-  vails  for  He  =  15000. 
plogatyrev  and  lot  in  (19?6)J 


Boratvrev  and  :orin's  (1976)  measurements  of  flow  rates  at  various 
depths  of  the  oavi tv  are  not  uniform,  (especially,  the  disparity  is 
more  pronounced  at  the  lower  portion),  indicating  that  there  is  a 
th-ee-dinensional  effect  by  the  comer  eddies. 

Although  the  effects  of  span  dimensions  on  cavity  flow  can  be 
evaluated  by  this  experiment,  in  order  to  assess  the  side-wall  effects 
it  :r>  no*  essarv  to  obtain  further  information  on  the  span-wise  velo- 
it;  distribution  in  the  cavity. 
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3.  Flow  over  a  Cylinder 


The  classical  problem  of  flow  over  a  cylinder  with  respect  to  pres¬ 
sure  fluctuation  and  the  Strouhal  nur.be-'  distribution  in  a  function  of 
the  cylinder  surf  ace  angle  measured  f’-om  the  forward  stagnation  point 
and  in  a  parameter  of  the  tfach  number  is  briefly  presented. 

The  largest  fluctuation  of  pressure  occurs  at  transonic  and  low 
supersonic  velocities  of  external  flow  not  or.iy  for,  the  cylinder  flow 
'•':r  also  ■  or  man.  ct.hor  :  odies.  A  combination  of  intense  pressure  os¬ 
cillations  and  a  comparatively  high  dynamic  pressure  in  this  range  of 
velocity  may  lead  to  large  dynamic  loads  while  the  large  changes  of  the 

flow  pattern  produce  significant  changes  in  the  aerodynamic  character- 

0  r)  “~p  o  s 

istics.  By  a  characteristic  value  of  13  defined  by  B  =  (  p^)  ’  /( 

p  o  e 

where  (  p  )  is  a  root-mean-square  of  pressure  fluctuation  on  a 
cylinder  surface  and  the  subscript  st  refers  to  forward  stagnation 
point,  the  relative  pressure  Fluctuation  is  given  in  Fig. IT. 27a.  it 
is  seen  that  at  low  velocity  (M  =  0.4)  two  regions  of  increased  -'luc- 
tuation  appear  at  'f  =  40  -  60°  and  110  -  130°.  At  M  =  0.9,  the  fluc¬ 
tuation  reaches  the  maximum  at  ~  90°. 

The  intense  pressure  oscillations  on  the  cylinder  surface  at  high 
subsonic  flow  velocity  axe  connected  with  oscillations  of  the  closing 
compression  shocks  downstream  of  the  local  supersonic  regions. 

At  supersonic  velocities,  fluctuations  are  reduced  although  a  slight 
increase  occurs  downstream  of  the  separation  point  due  to  the  oscillation 
of  this  point  as  shown  by  Kistler  (1964)  for  the  separation  zone  upstream 
of  a  step. 


A. 
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The  approximate  values  of  the  Strouhal  number  Sh  =  —  -  deter- 
mined  from  the  maxima  of  fluctuation  spectra  which  are  characteristics 
of  the  frequency  distribution  at  points  round  the  cylinder  surface, 
are  shown  in  Fig. II. 27b.  The  variation  of  Sh  is  more  pronounced  with 
the  decrease  of  the  Mach  number.  At  subsonic  velocities  the  minimum 
values  of  Sh  are  found  at  ^  =  40  -  60°,  and  higher  frequencies  occur 
at  higher  angle  of  'f  .  At  supersonic  velocities  the  minimum  values  of 
Sh  are  obtained  in  the  region  of  =  90°. 


Fig. IT. 27.  Distribution  of  the  pressure  fluctuation 
on  the  surface  of  a  cylinder  and  position  of  the  maxi¬ 
mum  in  the  spectrum.  £  Shvets  (1978)  J 
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CHAPTER  III 


SYMBOLS 


b 

Cm 


r 


H 

L 

Mr 

Me 


J 

xc 

XS 

ft 

i 

e 


c3? 


mixing  layer  thickness 

injected  mass  flow  rate 

reattachment  pressure  coefficient 

frequency 

step  height 

model  height 

total  mixing  shear  length 
Mach  number  of  reverse  flow 
Mach  number  along  the  wake  axis 
mixing  width  near  compression 

ratio  of  total  pressure  on  the  separation  stream 
line  to  the  total  pressure  of  undisturbed  flow 

u  =  u.Ai 
J  e 

velocity  along  the  dividing  stream  line 
position  of  deceleration  downstream  of  a  neck 
distance  measured  from  the  separation  point 
angle  between  separation  shock  and  base  surface 
boat-tail  angle 

body  surface  inclination  angle  or  angle  between 
boundary  of  inviscid  flow  and  base  surface  or  wake 
closure  angle 

spectral  density  of  fluctuation 
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CHAPTER  TTI 


Compressible  Flow  Separation 

Since  the  problems  of  supersonic  flow  involving  separation 
are  important  for  the  development  of  missile,  aerospace  crafts 
and  satellites,  etc.,  many  investigations  have  been  carried  out 
in  the  past  and  reported  widely.  In  this  Chapter  the  recent  de¬ 
velopments  emphasizing  supersonic  flow  which  have  not  been  presented 
in  the  writer's  books,  Separation  of  Flow,  (Pergamon  Press,  1970) 
and  Control  of  Flow  Separation.  (McGraw-Hill  Book  Co.,  New  York, 

1976)  are  reported.  The  USSR  contributions  presented  by  A.  I.  Shvets 
and  I.  T.  Shvets  in  their  book,  Gasdynamics  of  Near  Wake,  (1976,  Nau- 
kova  Dumka  Press,  Kiev)  are  particularly  reviewed  here.  For  conve¬ 
nience,  the  problems  of  flow  separation  at  hypersonic  speed  range 
are  presented  separately  later,  although  some  hypersonic  phenomena 
are  treated  in  this  section.  The  content  is  mainly  for  experimental 
investigations  concerning  separation  of  external  flow,  base  flow,  se¬ 
parated  flow  over  a  two  dimensional  surface  and  an  axisymmetric  body, 
and  retween  two  bodies,  etc.  The  problems  of  base  pressure  will  be 
rented  ir.  Chapter  IV.  but,  some  information  on  base  pressure  which 
(Ortiner.t  to  particular  problems  of  compressible  flow  separation 
are  also  given  in  this  chapter.  Several  introductory  presentations 
-  -..u"  before  the  classifications  of  problems  to  be  treated  here. 

,  re  recent  information  on  reattachment  and  lip  shock  are  des- 
ri :  **d  triefly. 

;  ,-i c : x  ^  1  s<f  7)  plotted  the  pressure  distribution  of  a  supersonic 
•  .r  •  1  rut  flow  past  the  walls  of  a  nonsymmetric  converging  and  diver- 
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ging  channel  with  a  sharp  comer  and  an  inclined  flat  surface,  down 
stream,  as  seen  in  Fig. III. 1. 

The  positions  of  separation  are  either  known  apriori  or  not. 

In  the  case  of  the  position  known  apriori,  at  the  sharp  corner,  pre 
ssure  in  the  separated  region  is  almost  maintained  equal  to  that  up 
stream  of  separation  as  seen  in  Fig. II I. la. 


Fig. TIT. 1.  Pressure  on  the  walls  of  a  nozzle 
and  behind  a  step  [sirieix  (196?) J  . 


In  the  case  of  apriori  an  unknown  separation  point,  the  pressure 
in  the  separation  zone  is  also  to  be  considered  in  a  relation  of 
pressure  upstream  of  separation,  and  p^^  is  not  dependent  on  the 
reattachment  condition.  If  the  shock  wave  strength  increases  in 
the  region  of  shock  wave  and  boundary  layer  interaction  region  ax, 
then  (p2_Pj)/^  x  reaches  its  critical  value  and  the  boundary  layer 
separates  upstream  of  the  step. 

The  pressure  distribution  in  this  case,  shown  in  Fig. III. lb, 
indicates  the  continuous  compression,  down6trear  separation,  re¬ 
aching  p  .  When  8  increases,  the  separation  point  moves  upstream, 


the  magnitude  of  Pmax  changes,  and  reattachment  pressure  increases 
But,  at  certain  value  of  6  ,  the  difference  of  p^  -Pj  becomes  zero. 

Reattachment  flow  behavior,  downstream  of  an  axisymmetric  down¬ 
stream  facing  step  with  a  finite  initial  turbulent  boundary  layer,  is 
described  by  pressure  distribution  by  Roshko  and  Thomke  (1966),  as 
seen  in  Fig. Ill . 2 . 


a  b 

Fig.TTT.2.  The  effect  of  the  height  of  the  protuberance 
(a)  and  the  M  number  (b)  on  distribution  of  pressure  in 
a  function  of  x/H  £  Ribner  and  Etkin  (1958) J  .  (P — is 
the  peak  distri  ution  of  pressure;  S — is  the  point  reversed 
flow  occurs;  C — 16  the  position  of  the  joining  point); 

1  — H/R  =  0.042;  2— H/R  *  0.17;  3~H/R  =  0.28; 

4 — M  =  2.09;  5--M  =  2.^6;  6— M  =  3-02; 


The  initial  pressure  rise  to  reattachment  may  be  presented  by 
a  single  curve  independently  from  M  and  x/H.  Furthermore,  point  P, 
the  position  of  the  peak  pressure  and  C,  the  location  of  reattachment 
are  fixed  for  all  M;  but  S,  the  initial  point  of  reverse  flow  shifts 
reward  the  step  if  M  increases.  It  is  clearly  seen  that  the  pressure 
ii'wrstre-m.  of  reattachment  is  effected  significantly  by  the  geometry 
of  the  step  and  M. 

the  reattachment  pressure  of  a  two-dimensional  turbulent  flew 
i"  predicted  in  a  simplified  manner  by  Batham  (19 )  based  upon  the 
concept  of  free  interaction  in  a  good  agreement  with  experimental  data 
up  to  M  =  3.2,  as  shown  in  Fig. III. 3. 


Fig. III. J.  Coefficient  of  pressure 
with  repeated  reattachment  ^Batham 
(1969)]  s  1 — Protu:  erance;  2 — Base 
flow;  3 — Incident  discontinuity; 

4 , 5-~Calculati on . 
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The  discrepancy  at  M  > 3 •  ?  may  be  attributed  to  the  application  of 
the  linearized  Frandtl-Meyer  equation.  For  analysis  it  is  assumed 
'hit.  the  dividing  streamline  is  straight  and  the  variation  of  flow 


parameters  in  the  free- interaction  region  is  similar  and  depends  only 
on  the  state  of  the  interaction. 

Hama  (1968)  investigated  "lip  shock"  (also  called  "separation 
shock")  emanating  from  the  separation  edge  of  a  6°  half-angle  wedge 

by  means  of  optical  observations  as  well  as  by  surface  and  pitot  pre- 

t'  A 

ssure  measurements  in  the  ranges  of  M  -  2-4.  r  and  0.2  x  1C  i  He  $  2  x  lif', 
showing  that  lip  shook  effects  the  reattachment.  Lip  shock  strength 
is  quite  substantial  in  contrast  to  the  usual  belief  that  lip  shock  is 
as  weak  as  the  sound  wave.  The  pressure  of  a  lip  shock  of  substantial 
strength  means  that  the  expansion  process  at  the  separation  edge  is  more 
complicated  that;  the  usually  assumed  Prandtl-Meyer  expansion.  The  flow 
actually  overexpands  first,  then  is  recompressed  by  the  lip  shocks,  and 
this  is  caused  essentially  by  a  viscous  separation  effect  similar  to  the 
separation  shock  emanating  from  a  circular  cylinder,  rather  than  being 
caused  by  inviscid  rotational-field  phenomena. 

In  the  near  wake  of  the  wedge  two  shocks,  lip  and  wake  shock  occur 
and  these  shocks  interact  directly  influencing  the  pressure  recovery 
process  and  distorting  the  near  wa.ke  velocity  profile.  Contrary  to  tur¬ 
bulent  reattachment,  the  effect  of  the  lip  shock-wave  shock  interaction 
i .:  absent  and  pressure  is  smoothly  recovered.  At  lower  Mach  numbers, 

‘he  1  ip  shock  can  be  clearly  distinguished  from  the  wake  shock,  and  if 
‘  t  Reynolds  number  is  sufficiently  large,  a  slip  stream  parallel  to  the 
free  stream  direction  emerges  from  the  intersection  point  of  two  shocks. 

At  h ichor  Mach  numbers,  the  two  shocks  merge  to  form  one  continuous  shock, 
particularly  with  laminar  flow  of  a  lower  Reynolds  number. 


If  the  separation  edge  is  smoothly  tapered  so  that  a  proper 
boattail  angle  leads  the  flow  direction  upstream  of  the  separation 
almost  parallel  to  free  shear  layer  direction,  then  no  expansion  is 
involved  at  the  separation  and  slip  shock  is  eliminated  or  its  strength 
is  reduced.  Under  these  conditions,  the  anomalous  behavior  in  the 
static  pressure  recovery  distribution  along  the  wake  center  line,  such 
as  peak  and  hump,  disappears. 


1 .  characteristics  of  Compressible  Flow  Separation 


1 . 1  Mixing  Layer  and  Reversed  Flow 

3u  and  Wu  ( 1 971 )  identified  the  satisfactory  correlating  para¬ 
meters,  based  upon  the  so-called  reduced  Rec  in  the  mixing  region, 
and  proposed  a  base  pressure  correlation  for  a  two-dimensional  re¬ 
ward  facing  step. 

For  the  definition  of  Re,  it  is  customary  to  use  the  character¬ 
istic  length  of  the  body  L,  and  its  height  H,  but  since  such  Re  does 
not  yield  proper  physical  meaning,  Lu  and  Wu  (1971)  instead  referred 
to  the  total  mixing  shear  length  ■tm  and  mixing  width  at  near  compre¬ 
ssion  Am.  Although  they  are  not  known  apriori,  these  two  lengths 
are  correlated  to  the  model  length  L,  upstream  of  the  two-dimensional 
rearward  facing  step,  and  its  height  H.  '’'hen,  L  is  related  to  ef  , 
the  physical  boundary  layer  thickness  upstream  of  separation,  and 
H  to  Am,  which  is  related  to-^m.  By  taking  the  ratio  of  inertia 
to  viscous  forces  in  the  mixing  region: 

Rec  =  foo  Am/im)2 
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by  assuming 


J?m  ~  H 

p  n  „  n(Re  , 

'  (  f  j  )  L 


Re  = 

c 


.  u^.H  ,  H  N 

ttt- 1  ? ' 


If  the  dependence  of  r  on  Mach  number  is  neglected,  then 

,  (  )\  i  A I  f1 


ni+bn-2  m-1 

Bec  =  (  H/cT  )  (  L/H  ) 


where  n  and  m  depend  on  whether  flow  is  laminar,  transitional  or  tur¬ 
bulent.  For  laminar  end  turbulent  flow,  m  =  2  and  5  respectively. 

For  transitional  wake,  taking  m  =  2  and  n  =  0.9 
H  1.8  T  0.9  .  0.1 

<H> 

By  correlating  with  experimental  data  in  the  regions  of  0.05  x  10^ 

<  RewL  <1.8  x  106  ,  2c  V\^<-  3-55.  5-33  <  L/H  -t  3,14,  0.0072  in 
'  H  C  0.75  in. 

Su  and  Wu  (1971)  proposed  the  base  pressure  prediction  of  a  two- 

dimensional  rearward  facing  step  by 

Pt/Poo  =  «ec  e(-6.97  +  0.745D  -  0.1136D2) 

where  D  =  /m(Re  ) , 
c 

Tagirov  (1969)  clarified,  by  his  detailed  experiment,  a  number 
of  characteristics  of  turbulent  supersonic  flow,  mixing  downstream  of 
two-dimensional  protuberance,  to  be  used  for  the  analysis  of  separated 
flow.  The  validity  of  the  hypothesis  on  the  conservation  of  total  pre- 


ssure  along  the  stream  line  is  confirmed  by  measuring  the  boundary 
layer  characteristics  up-  and  downstream  of  the  expansion  fan,  and 
zero  velocity  lines  are  determined  by  measuring  pressure,  as  seen 
in  Fig, III.**. 


Fig. ITT. 4.  Field  of  Mach  numbers  behind  a  two-dimensional 
protuberance  with  M  =  1.97  [  Tagirov  (1969)]  f 
i — lines  of  zero  velocity;  2~lines  of  constant  mass. 


This  Fig. III. 4  indicates  also  the  profile  of  the  Mach  number,  in¬ 
cluding  M  =  1  and  the  lines  of  constant  mass  evaluated,  based  upon 
the  velocity  of  the  mixing  zone. 

The  mixing  layer  thickness  designated  by  b  is  given  by  Abramovich 

(1969)  as 


l+f2m 

assuming  the  initial  boundary  layer  thickness  is  equal  to  zero,  where 
is  distance  measured  from  the  separation  point, 

$  2~  ^2/'  and  C  ~  0-27  is  an  empirical  constant. 


Neyland  and  Taganov  (1963)  formulated  the  pressure  at  the  re- 


attachment  of  a  separating  stream  line  on  the  trailing  body  by 

r 


*  -  1  +  2=1  Me2 


L  1  +  ^(l-S2)Me2J 


r-i 


where  p*t  is  the  ratio  of  the  total  pressure  on  the  separating  stream 

J 

line  to  the  total  pressure  of  undisturbed  flow,  u  =  uj/ue  =  0-58? 

(u.  is  the  velocity  along  the  dviding  stream  line)  M  is  the  Mach  num- 
J  e 

ber  along  the  external  boundary  of  the  mixing  zone,  taken  equal  to 
the  Mach  number  over  the  equivalent  cone. 

The  measured  relative  velocities  in  the  mixing  layer  and  in  the 
reverse  flow  area  are  shown  in  Fig. III. 5.  In  Fig. III. 5  the  horizon¬ 
tal  axis  is  ~  u/uo>  an(*  the  vertical  axis  is  -  (t-to )/(<f -to) 
where  q  and  to  are  coordinates  of  external  and  internal  boundaries 
of  the  mixing  zone  and  t  is  a  variable  coordinate  measured  from  the 
wall.  The  internal  boundary  is  determined  by  the  line  of  zero  velo¬ 
city.  The  reverse  flow  is  correlated  by 

Y=l-\3  .  f =  u/umax  and  1=  y/y? 

From  Fig. III. 5  it  may  also  be  noted  that  a  counter  rotational  flow 

exists  in  addition  to  the  main  circulating  flow. 


Shvets  and  Panov  (1970)  and  Shvets  (1970,  1971 )  investigated  the 
near  wake  structure  by  measuring  static  and  total  pressure  through  op¬ 
tical  and  flow  visualized  observations,  using  a  plate  mounted  down¬ 
stream  of  the  base.  By  observing  a  number  of  detailed  characteristics 
by  Ti'pler  instrument,  the  field  of  the  maximum  density  gradient  corres¬ 
ponding  to  that  of  the  expansion  wave,  jet  boundary  and  trailing  shock, 
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etc.,  are  determined.  A  comparison  of  the  results  obtained  by  pre¬ 
ssure  measurement  and  optical  and  flow  visualized  observation  reveals 
the  precise  flow  structure  and  enables  one  to  fix  the  boundary  lines 
as  shown  in  Fig. II I. 6. 
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Fig. TIT. 5.  Relative  velocities  in  the  mixing 
layer  (1 — 6)  and  in  the  reversed  flow  (7-14) 
[Tagirov  (1969) J  s 

1— e  *  17.5°;  2— e  =  170;  3~e  =  15. 5°: 

4— e  =  12°;  5 — e  =  9. 5°;  6—e  =  7-5°; 

7—  i /H  =  0.56;  8—  //H  =  0.97;  9--  ^/H  -  1.37 
10— ^/H  *  1.5;  11—  ^/H  =  1.6;  12—  //H  =  1.7 
13 —  i/H  =  1.77;  14—  i/H  =  1.9. 
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Fig. III. 6.  Field  of  pressure  behind  a  cone  (9  *  20?  M  *  3)* 

1,2 — Cone  on  strand  wires  and  pylon; 

3— Boundary  discontinuities;  4— Boundary  of  the  viscous  layer. 
[Shvets  and  Shvets  (1976)] 


Bauer  (196?)  measured  the  pitot  pressure  downstream  of  cones 
at  M  =  3-035  and  Re^  =  1.13  x  10^  based  on  the  cone  base  diameter 
in  order  to  find  flow  parameter  in  functions  of  Re  and  cone  angle  to 
relate  the  base  pressure.  Furthermore,  the  movement  of  the  rearmost 
stagnation  point  effected  by  the  injection  rate  was  studied. 

The  structure  of  the  base  flow  may  be  obtained  by  a  pitot  pre¬ 
ssure  "map"  of  the  flow  field  with  no  injection,  in  Fig. III. 7.  The 
flow  expansion  around  the  cone  comer  and  the  corner  lip  shock  are 
clearly  evident.  The  lip  shock  appears  as  a  small  increase  in  pitot 
pressure  in  the  streamwise  direction.  The  recirculation  region  is 
largely  within  the  line  labeled  "0.2"  and  the  shear  layer  is  just  out¬ 
side  the  recirculation  zone.  Although  the  neck  region  is  not  located 
precisely,  it  is  in  the  neighborhood  of  x/d  =  1 .5,  where  x/d  is  the 
ratio  of  the  downstream  distance  of  base  to  the  diameter  of  the  cone 
base.  The  wake  shock  emerges  from  the  neck  region  as  a  strip  of  high 
pitot  pressure  gradient.  The  effect  of  injection  was  to  widen  the  wake 
picture,  as  shown  in  Fig. III. 7- 

The  edge  of  the  shear  layer  in  the  plane  x/d  =1.5  moved  outward 
from  y/d  =  0.32  to  y/d  =  0.44  as  increased  from  0  to  1.2  %.  In 
the  recirculation  region,  the  pitot  pressure  was  smaller  than  the  sta¬ 
tic  pressure,  in  as  much  as  the  flow  past  the  pitot  head  was  reversed 

from  its  usual  direction,  and  this  reverse  flow  phenomena  persisted 

•  * 

as  C  was  increased  from  0  to  3-0  %.  When  C  was  increased  to  3-6  %, 
m  m 

the  reverse  flow  had  just  disappeared  and  some  flow  unsteadiness  was 
noticed.  The  recirculation  zone  does  not  move  downstream  with  increa- 
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Fig.TIT.7.  hiagram  of  the  lines  of  constant  pressure  measured 
with  a  piot  tube  in  the  wake  behind  a  cone  (0  =  12°,  M  =  3*03. 

Re^  -  1.1  10^,  cT  /d  =  0.02 6  [Bauer  (196?) j  j  dimensionless  values 
presented  along  each  line  are  obtained  by  dividing  the  measured 
pressure  by  0.044  at  technical  atmosphere 


sing  injection  rate  but  shrinks  until  some  critically  small  size 
is  attained,  below  which  it  can  not  be  maintained  in  its  closed- 
stream-line  form. 

Shvets  (1970)  accurately  determined  the  shock  boundary,  the  zero 
velocity  line  and  the  coordinate  of  the  dividing  stream  line  (based 
upon  the  mass  conservation  of  the  circulating  flow  given  by  f  uydy=0 
(assuming  T  =  const.)  and  by  measuring  the  pressure  as  shown  in  Fig. 

I II. 8.  The  obtained  data  was  compared  with  those  of  optical  and  flow 
visualized  observations.  Optically  measured,  and  by  flow  visualiza¬ 
tion,  observed  curves  7  and  6  indicate  the  boundary  dividing  the  low 
pressure  region  from  that  of  constant  static  pressure  and  the  external 
boundary  of  the  mixing  layer  respectively.  The  propagation  of  the  ex¬ 
pansion  wave  to  separation  shock  is  indicated  by  the  approach  of  curve 
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7  to  curve  1 .  Curve  5  appears  sharply  in  flow  schlieren  photo¬ 
graphs  and  the  dividing  streamline  3  is  close  to  line  6. 

The  isobars  of  total  pressure  in  the  base  region  in  Pig. III. 9 
indicate  the  discontinuities  of  total  pressure  characterizing  the 
shock  waves.  A  turning  region  of  total  pressure  curves  may  be  no¬ 
ticed  at  the  location  immediately  above  the  shocks,  indicating  the 
position  of  the  substantial  over- expan si on  of  the  flow.  Curves  of 
total  pressure  close  to  the  curve  of  p,/p.  =0.3  are  close  each 

other,  indicating  that  this  area  is  a  viscous  flow  region. 


Fig. ITT. 8.  Near  wake  (cone  on  stranded  wires, 

0  =  20°,  M  =  3)s 

1-3 — Measurement  of  pressure; 

4-6 — Visualization;  7-8~0ptical  measurement; 

1 — boundary  discontinuity;  2 —  =  0; 

3 —  'f  =  0;  7 — End  of  the  expansion  wave; 

8 — Boundary  of  the  mixing  layer  [Shvets  and  Shvets 

( 1976) j  . 
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Fig. ITT .9.  [soars  of  total  pressures  (©  =  20°,  M  *  3) 
[Shvets  and  Shvets  (1976)  ]  i 

1 — Boundary  discontinuity;  2 — Boundary  at  the  mixing 
layer;  3 —  <f  =  0;  U —  ux  *  0. 


Fig. III. 10  is  a  photograph  of  flow  visualization  using  a  mix¬ 
ture  of  soot,  oil  and  kerosene.  The  mixing  zone  appears  light  above 
region  3  washed  by  the  mixture.  The  upper  boundary  line  2  is  divi¬ 
ding  stream  line.  Downstream  of  body,  velocity  and  Mach  number  along 
the  dividing  streamline  increase  due  to  the  momentum  transfer. 

Obeying  the  law  of  mass  conservation,  all  streamlines  below  'f  =  0 
reverse  their  directions  toward  the  base  because  of  the  compression 
taking  place  at  the  neck  region,  but  above  V  =  0,  stream  lines  main¬ 
tain  their  directions  downstreamwise  through  the  neck  region  with 
reduced  velocity. 


The  reversed  flow  phenomena  involving  reattachment  downstream 
of  a  cone  were  also  investigated  by  optical  and  flow  visualized  ob- 
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Fig. III. 10.  Visualization  of  flow  on  a  plate 
behind  a  cone: 

1 — Inviscid  flow;  2 — Boundary  of  the  viscous  layer; 

3 — Toroidal  circulation  flow;  U — Point  of  deceleration; 

5— Reversed  flow;  6 — Line  of  run-off;  7 — Compression 
zone.  [  Shvets  and  Shvets  (1976)3  . 

servations  by  Shvets  (1970,  197l).  In  order  to  take  photographs  a 
plate  was  placed  in  the  near  wake  region.  Although  the  pressure  of 
the  plate  on  which  boundary  layer  accumulates  and  its  mounting  device 
decreases  the  width  of  recirculating  region,  the  fundamental  features 
of  recirculation  and  reattachment  are  retained  in  the  photographs. 

Stream  line  of  flow  over  the  comer  is  directed  toward  the  central 
axis  after  turning,  and  pressure  on  the  body  base  immediately  below  the 
comer  is  smaller  than  the  pressure  predicted  by  the  Prandtl-Meyer  equ¬ 
ation  due  to  its  overexpansion.  Since  this  low  pressure  increases  to 
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higher  base  pressure,  flow  moving  toward  the  case  center  separates. 

The  external  viscous  flow  dees  not  separate  from  the  corner  edge  and 
tends  ari  u:.d  the  lo.  al  annular  separation  zone.  The  point  of  the  ex¬ 
ternal  flow  separation  is  ic rated  or:  the  external  boundary  of  the  an¬ 
nular  sept;  rr:  tier,  zone  ar.d  the  point  of  internal  redial  flow  separa- 
tion  ..  a  ted  n  the  interna*  nounaary  of  this  ao.e.  Ire  idiw  lines 
ip  pr>.  uor  n  the  rut.  off  line  t ,  fern  y.Lna:  anal  .aver  w.nose  uer.sity 
.utvi  press. .re  are  increased  at  a  'ertair;  distance  ,r  wnstream  of  the  rare 
The  density  gradients,  of  these  lines  are  approximately  equal  tc  that 
of  line  6.  When  the  reverse  flow  approaches  the  base,  flow  decelerates 
and  forms  a  pressurized  zone  from  which  the  fluid  particles  scatter  in 
a  radial  direction.  Thus,  from  the  central  area  of  the  base  section 
(  y/d  =  0.1-0. 3  )  radial  flow  goes  out  from  the  base  and  forms  an  an¬ 
other  run-off  line  (x/d  =  O.l)  located  parallel  to  the  base  section. 

Flg.III.il.  of  tuft  flow  visualization  shows  areas  of  vortex  1  and 
central  flow  2.  The  central  flow  along  the  plate  is  fed  into  the  sta¬ 
gnate  r.  zone,  the  spreading  area  3-  Having  reached  the  cone  base,  flow 
spreads  in  a  radial  direction  and  is  ejected  by  the  main  flow.  Then, 
part  of  fluid  flows  between  2  and  6  (Fig. Ill .10) .  Thus,  as  Korst  state 
stagnation  zone  is  open  and  fluid  is  pumped  from  it  toward  the  plate 
surface.  The  reverse  flew  phenomena  in  the  stagnation  zone  may  be  sum¬ 
marized  as  follows:  if  the  reverse  fxow  is  induced  by  vortex,  then  its 
velocity  reaches  its  maximum  value  at  the  position  where  the  streamline 
direction  on  the  internal  boundary  of  the  vortex  coincides  with  the 
stream  direction.  The  flow  directed  in  two  directions;  one  along  the 
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Fig.III.il.  Photographs  of  a  plate  behind  a  rase 
^Shvets  and  Shvets  (1976)  t 
1 — Toroidal  flow;  2— -eversed  flow; 

3 — Point  of  deceleration. 

nain  flow  direction  and  another  approaches  to  the  stagnation  zone 
in  a  form  of  a  cylindrical  stream. 

Realizing  that  no  static  pressure  distribution  along  the  normal 
direction  to  the  near  wake  was  investigated  in  the  past,  due  to  diffi¬ 
culties  in  measurements  and  due  to  a  strongly  curved  stream  line,  Isa¬ 
yev  and  Shvets  (1970)  measured  the  static  pressure  in  a  semi-plane, 
normal  to  the  .axis  of  wake,  using  a  thin  trapezoidal  plate  as  shown 
In  rig.!  11.12.  Such  information  is  needed  to  understand  the  flow 
lure,  to  evaluate  the  Xa-'-h  number  and  to  establish  a  reliable 
•>  r.p  a  national  system. 

The  tare  flow  is  effected  hv  the  pressure  of  the  plate,  and  the 
trur.Jarv  : aver  on  it  distorts  the  measured  pressure.  Neverthless,  the 
features  i  f  flew  are  retained  and  it  was  possible  to  study  the 
.re  gradient.  From  Fig  III  1 ?  it  is  seen  that  although  static 
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pressure  varies  insignificantly  in  the  reserved  flow  zone,  the  pre¬ 
ssure  gradient  is  substantial  in  the  mixing  layer.  The  static  pre¬ 
ssure  increases  from  the  lower  part  of  y/d  and  reaches  the  maximum 
at  approximately  0.2,  then  with  increase  of  y/d,  pressure  decreases 
and  levels  off  downstream  of  the  trailing  shock. 
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Fig. III. 12.  Distribution  of  static  pressure  behind  a 
cone  [Shvets  and  Shvets  (1976)]  i 

1— 6  *  10°  ,  M  =  3s  2— Base  holder?  >-6  =  30°  ,  M  =  3. 


Data  on  the  pressure  distribution  in  the  neck  region  is  illu¬ 
strated  in  Fig. III. 13.  Upstream  of  the  neck,  say  at. x/d  =  0.5,  pre¬ 
ssure  gadient  in  y/d  is  relatively  smooth,  compared  to  x/d  =  0.8 
where  compression  begins  and  flow  turns. 


The  flow  phenomena  of  near  weke  effected  by  various  body  shapes 
were  studied  by  Isayev  and  Shvets  (19?0)  and  Shvets  and  Panov  (1970) 
by  measuring  the  total  pressure  downstream  of  sharp  and  blunt  cones 
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Pu:.TTT  .’3  '  so’’a’'s  of  static  pressures  (0  -  10°  ,  M  =  3) 

(.dashed  line  corresponds  to  the  wake  boundary)  [Shvets  and 
Shvets  ('.976'  1  . 
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Fifi.  TT I .  14  .  Pistrihut  ions  of  full  pressure  in  a  near  wake 
(dashed  cu-v<  correspond  to  the  boundary  of  the  wake; 

4-6 — Sector  bodies)  [Shvets  and  Shvets  ('976)1  s 
1 — Cone  6  =  10°  ,  M  =  3;  2 — Blunt,  r/P  =  0.4,  M  =  3; 

3 — r/R  =  0.4,  M  =  2;  4 — t  =  0.2,  M  =  3;  5~t  =  1 .  M  =  3 i 
6— t  -  1 ,  M  =  4. 


of  naif  angles  8  ,  amounting  to  10°,  20°  and  30°  and  a  reverse  cone 
of  6  =  r,C  with  elliptical  leading  section  (L/d  =  l). 

As  shown  in  Fig. III. 14  a  slight  reduction  of  pressure  in  the  recircu¬ 
lation  zone  is  achieved  by  blunting,  although  p./p,  increases  about 

L  L  *’*' 

10—1 0  "  for  y/d  >  0.8  if  ellipsoid  with  ratio  of  axis,  i  -  0.2  is 
r.rou  a  sphere  in  the  leading  section. 

The  ft  metrical  configurations  in  ,  Y  and  distance  between  the 
rase  and  neck!/  ’=b/d)  of  near  wake  behind  cones  determined  by  Tflpler 
photographs  in  a  function  of  Mach  number  are  shown  in  Fig. III. 13  in¬ 
cluding  those  of  hypersonic  speeds.  Ir.  the  supersonic  Mach  number  re¬ 
gion,  with  increase  of  M,  angle  decreases  and  contracts  the  wake  neck, 
whereas  in  hypersonic  Mach  number  region,  with  the  increase  of  M,  magni¬ 
tudes  of  f\  ,  d'  =  d/d  and  /'  increase,  indicating  that  flow  charact¬ 
eristics  are  different  in  supersonic  and  hypersonic  regions. 

The  diameter  of  wake  neck  d'  =  d/d  and  angle  effected  by  a  cone 
half  angle  are  shown  in  Fig. 111.16. 

Panov  and  Shvets  (196 a)  noticed  the  hysteresis  phenomena  of  se¬ 
paration  occurring  on  the  circumferential  surface  of  blunt  bodies.  If 
the  angle  of  attack  is  increased  from  0°,  then  at  certain  angle  of 
•it tack  i',,  flew  separates  cut  if  the  angle  of  attack  is  decreased  from 
a  larger  angle  to  a  smaller  one,  then  separation  disappears  at  which 

C. 

ir;  smaller  than  .  For  example,  at  H  -  3>  flow  around  a  reverse 
•  or  e  of  e  -  *''20'  with  spherical  blunting,  when  the  angle  of  attack 
was  increased,  separation  occurred  at  -  8  ,  but  by  decreasing  , 

separation  was  retained  up  to  =  5°  • 
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Fig .  IT T  .  1  r  .  'onfiguration  of  a  near  wake  (solid  curve 

means  ,  dashed —  f ' ,  dashed-dot — d")  ^Shvets  and  Shvets 

( 1 976)  ]  : 

1 — Cone,  6  =  10°  on  pylons;  2 — Cone,  0  =  10°  on  hase  holder; 

3 — Sector  body,  t  =  0.2;  4— -  J  ,  cone,  0  =  10°  on  pylons; 

6 —  f]  ,  boundary  discontinuity;  6 — Calculation  [  Chapman  (19?0)J; 
7,8 — Calculation  for  two-dimensional  and  axisymmetric  flows 
[Thomann  (19 59 ) J  ;  9.  10 — Ballistic  testing,  M  =  6-11,  He  =  1*10^ 
[Waldbusser  (1966)J  . 


Fi  g . r ’ T  .  1 6 .  The  effect  of  the  angle  of  the  semi-apex 
of  the  cone  on  the  diameter  of  the  wake  neck  d‘  =  d/d 
and  angle  0: 

1— M  =  1.7;  2—M  =  2;  3— M  =  3;  4 — M  =  4. 

!  Shvets  and  Shvets  (1976)] 
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1 . 2 .  Flow  Parameters  Alone;  the  Wake  Axis 

The  information  on  the  flow  parameters  along  the  wake  axis  is 
important  to  establish  the  accurate  flow  system  of  the  near  wake,  thus, 
in  the  past  pertinent  parameters  have  been  measured.  One  of  the  para¬ 
meters  which  determines  the  viscous  effect  in  the  base  region  is  cf  = 
*'/d.  if  v.1  is  small  in  correspondence  to  a  large  Re,  then  the  vis¬ 
cous  effects  are  significant  only  in  the  thin  mixing  layer;  but  with  a 
large  *■'  ,  the  large  part  of  the  stagnant  zone  becomes  viscous.  For 
the  fixed  value  of  Re,  t’  is  proportional  to  i'/d  and  the  thinner  the 
body,  the  more  important  are  the  viscous  effects  in  the  base  area. 

The  measured  pressure  distribution  and  MQ  ,  the  Mach  number  along 
the  wake  axis  downstream  of  a  cone,  are  shown  in  Fig. III. 17.  The  posi¬ 
tion  of  deceleration  is  determined  at  the  point  of  the  intersection  of 
curves  p^  and  p^_  where  subsript  r  refers  to  reverse  flow.  If  boun¬ 
dary  layer  thickness  increases,  then  the  deceleration  point  moves  to¬ 
ward  the  cone. 

The  experimentally  determined  point  of  deceleration  and  the  Mach 
number  of  the  maximum  velocity  of  the  reversed  flow  are  shown  in 
Fig. III. 18.  The  reverse  flow  velocity  Mach  number  increases  linearly 
to  Mr  —  0.8  at  M  -  6.  If  the  free  stream  velocity  approaches  to  sonic 
(M  —0.93),  then  the  critical  point  moves  downstream.  If  M  increases 
subsequently  to  3,  then  the  critical  point  approaches  to  this  point, 
but  at  a  hypersonic  Mach  number  no  significant  shift  is  noted. 

The  pressure  close  to  the  body  and  downstream  of  the  deceleration 
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Fig. III. 17.  Distribution  of  pressure 
and  the  M  numbers  along  the  axis  of  the 
wake  behind  a  cone  (9  =  20°  ,  M  =  3> 

C'  ~  0.01  (a)  and  cf  -  0.04  (b):  1 — p — 
static  pressure;  2  and  3 — Pt  and  p^  -- 
pressure  measured  by  an  attachment  directed 
upstream  and  downstream;  4 — — Mach  number 
on  the  axis  of  the  wake. 

[Shvets  and  Shvets  (1976)]  . 


Fig.TTI.l8.  Position  of  the  deceleration  point  xc/d  and 
maximum  velocity  of  reversed  flow  M  for  a  cone  (1-8),  a 
wedge  (9-13)  and  a  cylinder  (14,  15)  [Shvets  and  Shvets 
(1976)3  « 

1 — 9  =  10°,  ne  =  4 - 1 06 ;  2—9  =  11°,  Re  =  3-106  (data  of 
A . S .  Boyko,  V.S.  Trusov,  and  A. A.  Yasnov);  3 — 9  =  10° 

(Sauer  (1967)]  ;  4— Re  =  1.1  •10“’  [Collins,  Lees  and  Roshko 
(l9'’j)J  ;  5 — 0  =  5°,  Re  =  9‘10^[Zakkay  and  Cresci  (1966)]; 

6 — 0  =  10°,  Re  =  2-10^  [ Martellucci,  Trucco  and  Agnone  (1966)]; 
7,8 — 0  =  io°.  Re  =  10^[Todisco  and  Pallone  ( 1 965) J  ;  9 — 9  = 
15°,  Re  =  2-10^  [Badrinarayanan  ( 1 961 )  ]  ;  10 — 0  =  13°>  Re  = 

1  -10^  [  Badrinarayanan  ( 1 961 )  J  ;  11 — Re  =  6-10^  [Larson  et  al 
(1962)  j  ;  12 — 6  =  6°,  Re  =  3' 10^  [Lewis  and  Behrens  (1969)]; 

14 — Re  =  1*1 0^  ;  15 — [[Herzog  (1964)J  . 
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point  are  effected  by  Mach  number.  The  pressure  in  the  recirculation 

zone  and  in  the  neck  decrease  with  of  Mach  numbers  up  to  x/d  -  1.3 

but  further  downstream  with  increase  of  M,  pressure  also  increased 

as  shewn  in  Fig. III. 19.  The  position  of  the  critical  point  depends 

...  :i  ,  and  Van  Hise  (1959)  found  that  with  perturbation  in  the  range 
4  5 

of  Pe  =  r  x  10  -  7  x  10,  the  critical  point  approaches  to  the  body 

if  Re  Increases. 


Fig. III. 19-  The  effect  of  the  M  number  on 
pressure  along  the  axis  of  a  wake  (0  *  10°) 
[  Shvets  and  Shvets  (1976)J  . 


The  measured  pressure  distributions  along  the  waJte  axis  effected 
by  various  shapes  of  bodies  are  illustrated  in  Fig. III. 20.  The  pre¬ 
ssure  increases  from  x/d  =  0.5,  and  with  an  increasing  conical  angle, 
static  pressure  in  the  compression  zone  also  increases.  The  position 
jf  deceleration  downstream  of  neck  is  determined  at  xc/d  =  1.1,  taking 
the  total,  and  static  pressure  becomes  equal,  but  the  flow  visuali¬ 
zation  indicates  its  location  at  x ^d  =  1.0.  The  pressure  begins  to 
increase  upstream  of  the  neck  and  ends  at  a  distance  of  more  than  two 
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diameters  downstream  from  the  base  section.  In  the  region  of  increased 

pressure,  magnitude  of  pressure  grows  more  sharply  at  M  =  4  compared 

7  7 

■e  M  -  >  and  with  increase  of  Re  from  He  =  1  x  10  to  2/  x  10  ,  The 
pressure  in  the  compression  zone  also  increases  strongly  compared  to 
the  region  close  to  the  body. 

Martelluci ,  trucco  ar.d  Agnone  ( 1 9rC '  Carried  out  the  detailed  mea¬ 
surements  of  the  distributions  of  static,  and  total  pressure  and  temp¬ 
erature,  Mach  number,  and  stagnation  point  location  along  the  wake 
center  line  downstream  of  a  10°  half  angle  circular  cone  at  M  =  6, 
stagnation  pressure  800  psi  and  free  stream  Re  =  6.15  x  10°  based 
upon  the  diameter. 

The  boundary  layer  at  the  cone  shoulder  was  turbulent  for  the  entire 
test  series.  Considerable  efforts  were  made  to  optimize  the  method 
of  model  support  by  using  a  tow-rod  band  so  that  wake  properties,  with 
a  minimum  of  support  interference,  could  be  obtained. 

The  measured  center  line  pressure  distribution  are  shown  in  Fig. III. 21 
The  oase  pressure  was  maximum  at  the  cente-  line  with  slight  decrease 
in  the  radial  direction,  and  a  minimum  is  reached  at  a  radial  position 
r/d  =  0.25  where  d  is  the  model  base  diameter.  The  static  pressure 
reaches  its  maximum  at  x/d  ^  1.5  but  its  minimum  is  located  at  x/d  —  O.'i. 
The  location  of  the  downstream  stagnation  point  was  determined  from 
u  —  0  line  measurements.  The  stagnation  point  was  located  x/d  ^0.88 
from  the  model  base  as  shown  in  Fig. III. 22.  The  u  =  0  line  was  nor¬ 
mally  straight  except  in  the  vicinity  of  the  axis,  at  an  angle  of  25° 


with  the  cone  axis. 


Fig.TTr.20.  Static  pressure  along  the  axis  of  a  wake  (dashed  lines 
correspond  to  the  boundary  of  the  wake;  1-3,  5-9 — Conical  bodies; 

4 — Cylinderical  protuberance;  10 — Sector  body;  11 — Disk)  [Shvets  and 
Shvets  (1976) J; 

l— e  =  io°,  m  =  3;  2—0  =  20°,  m  =  3;  3~e  =  io°,  m  =  4;  4— m  =  1.85, 

Re  =  t.5’10^  [Badrinarayanan  (l96l)J;  5 — 0  =  10°,  M  =  1.49,  Re  =  2.10^ 
(Zakkay  and  Sinha  (1965) Ji  6 — 0  =  10°,  M  =  3,  Re  =  2-10^[Zakkay  and 
S inhali  7 — 0  =  5°,  M  *  4,  Re  =  4-10^  (data  of  A.S.  Boyko,  V.S.  Trusov, 
and  A. A.  Yasnov);  8 — 6  =  10°,  M  =  6.2,  Re=  2-10^  [Martellucci,  Trucco, 
and  Agnone  (1966)J  ;  9 — 0  -  10°,  M  =  8,  Re  =  1.7-10^[  Zakkay  and  Cresci 

(1966)J;  10— M  =  3;  11— M  =  3- 


Fig. Ill. 21.  Centerline  pre¬ 
ssure  distribution  [  Martel- 
lucci,  Trucco  and  Agnone  (1966)j 


Fig. III. 22.  Distance  to  the  downstream  stagnation 
point  for  bluff  base  bodies  Martellucci,  Trucco 
and  Agnone  (1966)  J  . 


The  throat  of  the  basic  wake  structure,  defined  as  the  position  where 
the  local  Mach  number  is  1.0  along  the  wake  axiB  of  symmetry,  was  lo¬ 
cated  at  x/d  *  0.98  from  the  model  base,  but  the  neck  of  the  wake 
structure  was  located  at  x/d  =  1.75-  The  maximum  subsonic  Mach  num¬ 
ber  along  the  axis  of  the  recirculation  zone  was  not  small,  amounting 

to  M„t  0.8.  The  vortex  created  in  the  recirculation  zone  iB 

CL-max 

energized  by  the  shear  face  imparted  via  the  dividing  stream  line,  and 
since  the  air  density  in  the  recirculation  zone  is  small,  this  shear 
face  can  cause  a  high  velocity  or  Mach  number. 

Zakkay  and  Cresci  (1966)  measured  distributions  of  pressure  and 
of  temperature  along  the  wake  axis,  as  well  as  normal  to  this  axis  down¬ 
stream  of  a  5°  half-angle  circular  cone,  at  Mach  numbers  of  11.8  and  8.0. 
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The  Mach  11.8  tests  were  carried  out  at  a  free  stream  Reynolds 
number  of  6.10  x  10^/ft  and  a  stagnation  temperature  of  1700 °R. 

The  boundary  layer  near  the  model  base  was  laminar.  The  center  line 
pressure  distribution  was  evaluated  successfully.  However,  due  to 
very  small  differences  of  pressure  in  the  recirculation  zone  because 
of  the  sonic  velocity  there,  it  was  not  possible  to  determine  the  lo¬ 
cal  velocity  accurately  from  the  measured  pressure  data.  The  measured 
center  line  variations  of  stagnation  temperature  are  shown  in  Fig. III. 23 
indicating  gradual  increase  of  stagnation  temperature  downstream. 


Fig. III. 23.  Centerline  variation  of  stagnation 
temperature  (M«,  =  11.8)  [zakkay  and  f'resci  (1966)  "]  . 


The  stagnation  temperature  profiles  in  a  parameter  of  x/d  are 
shown  in  Fig. ITT. 24,  where  r  =  r/D  non-dimensionalized  radial  dis¬ 
tance,  measured  from  the  model  center  line.  The  increasing  fullness 
of  the  profiles  is  observed  along  with  the  increasing  temperature  of 
the  viscous  core  as  the  wake  progresses  downstream.  The  Mach  8.0  tests 
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were  conducted  at  free  stream  Reynolds  numbers  of  0.3  and  1.7  x  10^. 
For  these  conditions,  the  boundary  layer  on  the  cone  surface  at  the 
model  base  was  a  completely  laminar  and  a  fully  developed  turbulent, 
respectively,  although  the  flow  in  the  entire  near  wake  was  probably 
laminar  in  nature. 
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Fig. III. 24.  Stagnation  temperature  profiles 
(Moo  *  11.8,  Tw/Two,  =  0.32,  Re^  =  6.0  x  105/ft) 
[  Zakkay  and  Cresci  (1966)  ]. 


The  base  pressure  distribution  and  radial  distribution  of  static 
pressure  are  shown  in  Fig. I II. 23  and  I II. 26,  respectively.  The  base 
pressure  data  in  Fig. III. 25  are  only  repeatable  to  within  +  10  %  be¬ 
cause  of  the  extreamely  low  pressure  in  the  base  region.  The  abrupt 
changes  in  static  pressure  in  Fig. III. 26  correspond  to  weak  shock. 


242 


{ 


f 


j  j?}  «**,•>  7  ««o‘/rr 

Q<al  ..  ^g)  Rt<w.a3C«K^/FT 

-  f  -f-j-' 

,  1 - ! 

’  1 

!  '  J 

!-  -f — ; 

!  1  1 

■  1 

J  D8  Cj 

i 

e 

; 

:  | 

>  i  i 

11 

ap 

;  i  i 

i  *•  • 

O  O 

"]  !  ;  i  j  !  “  i 

o  - — ■ — '  -l —  —  —  1  -  1  ■ 

0  0*  02  03  Q4  as  Q« 

Vp» 

Fig. III. 25.  Base  pressure  distribution 
(Moo  =  8.0)  [Zakkay  and  Cresci  (1966)]. 

Fig. III. 26.  Radial  distribution  of  static  pressure 
(M  =  8.0)  Re  oo  =  1.7  x  106/ft. 

Zakkay  and  Cresci  (1966) 


•■enter  i’.ne  variation  of  stagnation  temperature  and  radia 
*  ■'*  e- tagnat  :e r.  temperature  are  shown  in  Fig. Til. 27  and 

’  <•••  lively 


•  •  T  •  77  Centerline  variation  of  stagnation 
temperatu-e  (H»  =  3.0)  [  akkay  and  Cresci  (196f)j. 


T'rT.C3.  :-nd  ’.al  distrirution  of  stagnation  temper- 
e  =  ■')  7 akkay  and  Cresci  (1966)  ]  . 


In  Fig.ITI .2?,  center  line  variation  of  stagnation  temperature  for 
both  a  laminar  and  turbulent  flow  condition  on  the  model  base  indi¬ 
cates  that  the  stagnation  temperature  in  the  recirculation  zone  did 
net  vary  much  within  the  Reynolds  number  range  tested.  As  seen  in 
Fig. III. 28,  the  profiles  corresponding  to  the  turbulent  boundary 
layer  at  the  body  shoulder  become  fuller  than  those  corresonding  to 
a  laminar  boundary  layer. 

Furthermore,  the  following  facts  were  obtained  from  the  experi¬ 
ments.  Downstream  of  the  sonic  point,  temperature  profiles  axe  essen¬ 
tially  unaffected  by  the  model  surface  temperature.  The  u^  =  0  in 
the  recirculation  zone  is  located  at  x/d  =  0.8.  The  base  pressure 
decreases  substantially  with  increasing  Reynolds  number,  from  a  value 
of  py/pw  =  0.8  for  Re_/ft  of  6.0  x  10^/ft  to  a  value  of  p^/p^,®  0.10 
for  Re^/ft  of  1.7  x  10^/ft.  The  static  temperature  in  the  near  wake 
seens  to  be  fairly  constant  and  not  strongly  dependent  on  the  free 
stream  Mach  number  and  Reynolds  number.  The  temperature  in  the  recir¬ 
culation  zone  is  effected  strongly  by  the  wall  temperature. 

1.3. 

.*  r  the  beginning  of  Chapter  III,  Hama's  (1966)  experimental  in- 
iration  for  the  lip  shock  were  presented.  Further  details  of  this 
-hc.k  wav*-'  structure  and  its  effect  on  the  flow  field  were  described 
here.  :  analysis  of  the  ir.viscid  expansion  of  the  boundary  layer 

at  the  trailing  edge  of  a  slender  blunt-based  body  was  reported  by 
Wei  r.baur.  (1966)  and  Weiss  and  Weinbaum  (1966). 
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ire  via.  inpit  '\pardec.  to  the  base  oresutire.  ana  its  final  flew 
..  ie  lie’  err.ir.ed  the  initial  ir.ol  i  rati  or,  of  the  dividing  stream  line, 
i  ■'  •  i’rKo  arialvses,  the  veloci t>  and  temperature  profiles  which  layer 
■r  he  'alc.y iated ,  and  this  resulted  in  less  accurate  initial 

■or, 11 1 ions  tor  the  shear  layer  analysis.  Therefore,  in  order  to  re- 
rove  these  limitations  and  omissions,  Weiss  and  Nelson  (1968)  deve- 
’  .pr-i  a  theoretical  node!  and  computed  the  press-ore  distribution  up- 
drear,  of  a  corner  of  blunt- hase  effected  tv  the  base  pressure.  The 
ire  expansion  is  assumed  to  be  inviscid,  and  the  subsonic  and  su¬ 
personic  regions  of  the  boundary  layer  are  treated  with  stream  tube 
at ;  roxi nation  and  Frandti-Meyer  relation.  by  matching  the  stream  func- 
'Let  tr.d  the  pressure  or:  the  initially  son!  -  stream  line,  the  expan- 
p :  ■  -vt  vs  tips!  rear,  of  the  *  rail  ittg  edge  ami  its  location  are  de- 
tr.ed  "he  extent  of  the  ypet  rear,  expat. r- : .  increases  linearly 
.-  .,  ...  v., ,  •.  number  a’  ‘he  edge  ,.,f  ‘he  :  cvr.darv  fo’-  a  Mach  number 

•  •  i‘«-r  fi  The  has- .  :  r  -sr  '  u:  .  ..<-r. -ns  the  expansion  pro- 

•  *  a  *  r-i  :  1  fer  many  t-ouncarv  .aver  thicknesses  upstream, 

-  t  r.  i  good  agreement  with  the  experimental  data 
'  •  .  ‘he  'ompute-”  pressure  distribution  upstream  of 


t>-  ccrne*  ca.i  lo  .sea  as  cnt  boundary  conai lion  x'or  a  aci.al-.eQ 
ract eristic  solution  of  the  supersonic  portion  of  the  boundary  layer. 

cher berg  and  Smith  (1967)  conducted  an  experimental  investiga¬ 
tion  cf  the  flow  pressure  structure  of  a  supersonic  flow  over  a  rear¬ 
ward  facing  step.  The  results  indicate  that  the  corner  expansion  fan 
.«•  tot  -.he  linear  I’randtl-Meyer  far.  and  lip  smock  emerging  .from  the 

X. 'NCrtES  UPSTREAM  OF  CORNER 


O- EXPERIMENTAL  DATA  OF  MAMA"5 
M,  -1.80  ,  R«,  *187  •  IQ 5 


X,  INCHES  UPSTREAM  OF  CORNER 
».«  12  10  08  06  04  02  0 


o  EXPERIMENTAL  ftAJA  OF  HAMA 
M,  •  4.02  .  ft«s  •  2  16  X  10* 


Fig. ITT. 29.  Comparison  of  the  theoretical  and  experimental 
pressure  distributions  [  Weiss  and  Nelson  (l968)j. 

Experimental  data [Hama  (1966)] 

separated  shear  layer  may  not  be  neglected.  These  findings  are  in 
agreement  with  those  of  Hama's  (1968).  Furthermore,  the  base  pre¬ 
ssure  infl  lence  on  the  upstream  flow  of  the  corner  was  noted,  and  its 
-agnitude  was  evaluated  by  Weiss  and  Nelson  (I968). 

The  lip-shock  flow  structure  was  studied  by  means  of  shadow- 


Fig. ITT. 30.  Field  of  pressure  in  the  neigh¬ 
borhood  of  the  protuoerance  when  M  =  2.5 
[Chapman  (1950) [  (H  =  11.26  mm): 

1 — Shock  wave;  2 — Boundary  of  the  viscous 
layer. 

graph  photographs  at  M  =  3-5t  which  show  the  lip-shock  interaction 
with  the  shear  layer  downstream  of  the  step  and  with  reattachment 
shock.  A  strong  pressure  gradient  from  base  pressure  to  free  stream 
pressure  was  noticed  in  both  horizontal  and  vertical  directions  imme¬ 
diately  upstream  and  above  the.  corner.  The  strength  of  the  lip  shock 
varied  along  its  length,  and  its  maximum  strength  was  reached  in  the 
vicinity  of  the  shock  shear-layer  intersection.  The  required  flow 
development  is  '.hat  of  overexpansion  and  pressure  recovery  through 
a  shock,  tut  the  degree  of  overexpansion  varies  with  the  free  stream 
pressure,  the  fret  stream  Reynolds  number  and  the  step  height. 

Shvets  and  Shvets  (1976)  found  the  strength  of  separation  shock 
for  models  with  ar.  after-body  of  varying  degrees  of  converging  slope. 
F f  the  angle  of  convergence  is  smaller  than  the  Prandtl-Meyer  angle 
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required  to  reach  tne  base  pressure,  then  at  the  trailing  edge  the 
expansion  is  insignificant.  Thus,  the  shock  strength  is  small. 

If  the  angle  of  slope  is  larger  than  angle  of  expansion,  then  separa¬ 
tion  occurs,  forming  the  shock  wave.  If  the  angle  of  slope  is  equal 
to  the  angle  of  expansion,  i.e.  base  pressure  is  equal  to  the  pre¬ 
ssure  in  the  boundary  layer  upstream  of  the  trailing  edge,  then  the 
flow  separates  with  no  formation  of  shock.  The  large  overexpjansion 
position  is  located  over  the  area  where  the  pressure  curves  bend,  as 
shown  in  Fig. III. 30. 

The  effect  of  turbulent  boundary  layer  thickness  on  the  pressure 
distribution  downstream  of  a  cone  is  shown  in  Fig. III. 31  and  indi¬ 
cates  that  with  the  increase  of  the  turbulent  boundary  layer  thick¬ 
ness,  total  pressure  decreases. 


Fig. Til. 31.  Profiles  of  pressure  behind  a  cone 

(6  =  20",  x/d  =  0.5.  M  =  3)  [.Shvets  and  Shvets  (1976)J« 

1—  o  / d  =  0.02;  2—  cT  /d  =  0.03s  3”  6  /d  =  O.O5. 
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’he  separation  shock  wave  .  c-ha  .v  \  .u  superset. '.c  rot-eu 


of  i  wedge  is  compared  with  that  o‘  ± 


•  it-:'  i* t.*  * •  ii,.; . 


' rer./'i  h  of  the  sot:  -at. s;.  h  attrl: 


extiai-sicn  in  an  t-r • 


•seti  t!,«  vorti.eit' 


to  ■  ’s  vug  .  aver.  e  s',  re:  -rt 


ror  *  han  o  '  a  weritre  beeave  o  f 


i  the  S'  *<  w-s ve .  and  its  n-lgl: 


r  w;:ii.'ti  _s 


ut  '  t-  n-'-su... c : 


.  goo  .r.  .  icw  a. .o 


"  sh:  f  ting  of  the  point  of  separation.  For  a  v  Under,  the  expan¬ 
sion  ooeurring  close  to  the  separation  point  is  stronger:  compared  to 
wedge,  a  compression  wave  causing  at:  Initial  section  of  more  intense 
crock  occurs. 


- _ 1  \  e? 

I 


v if  . I  IT . 3?.  Values  of  angles  between  the  boundary  of 
in  inviscid  ‘"low  and  a  case  section  (l)  and  netween  a 
oundarv  discontinuity  and  a  ''ase  section  (2)  (the  solid 
lines  correspond  to  -  =  f(0),  M  =  3.  the  dashed  lines 

'.  =  f(Ml  [Shvets  and  Shvets  (1976)  j  . 


o:'  U'.fe  wuue  :owr.:: irear.  of  wedge  at  various  Mach  numbers  is  shown  Li. 

1  i.  .  With  me  sane  angle  b  ,  -..etwee',  the  boundary  of  invis- 

id  flow  ana  the  base  surface,  t.ne  angle  -Z  etween  the  separation 
_  .  .e  : a::e  ■v.,rfa„e  decreases  with  increase  of  M,  whereas 

■  L  ^  ~t:~.:-ar,  of  a  1  ~.ey 

'T  c .  ir •••estimations  or  ilex  se-oaraticn  upstream  of 
:.e  ei  -a.ve  teen  reporter  In  past.  Recently,  further  experimental 
~  •  :uivr,  tv.  this  subject  have  been  conducted  ir.  the  USER.  Panov  and 
Shvets  ;19c6a,  196?)  carried  out,  experiments  or  flow  separation  up¬ 
stream  cf  a  two-dimensional  forward-facing  step-  at  subsonic,  transonic 
and  supersonic,  speeds,  and  with  various  step  heights.  As  the  pressure 
•iistr4  bution  in  Fig. 171. 33  shows,  pressure  upstream  and  close  to  the 
step  is  larger  than  that  of  the  free  stream  in  contrast  to  the  lower 
base  pressure  downstream  of  the  body. 

In  Fig. III. 33  the  pressure  distributions  at  subsonic  and  tran¬ 
sonic  .•speeds  show  that  the  same  step  height  H  -  25  mm  and  c- ,  /H  =  0.1  , 
wit:  increase  of  Mach  number,  p/p also  increases.  Furthermore, 
it  is  indicated  that  at  M  -  2,9  with  the  same  boundary  layer  thick¬ 
ness  6  -  5  mm,  if  the  shock  wave  interacts  with  the  boundary  layer, 

pressure  rises  more  rapidly  with  the  increase  of  the  step  height, 
starting  from  the  lower  pressure,  compared  to  that  of  a  lower  step 
height,  but  at  a  location  of  x/<^  ,  the  values  of  p/p  ^  are  the 
same  independent  of  H /  J~, 

2  51 


Shvets  and  Shvets  (1976)  mention  in  their  book  that  if  the  shoe*, 
wave  interaction  with  the  boundary  layer  is  absent,  then  the  separated 
region  spreads  upstream,  increasing  the  inclination  angle  9,  and  like¬ 
wise  increases  the  pressure  rise  sharply,  as  compared  to  the  case  of 
a  lower  0,  although  no  separation  point  is  indicated  in  the  graph  to 
support  this  remark. 


-io  -5  o  i/dj 


Fig.rn.33.  Distribution  of  pressure  on  the  wall  in 
front  of  a  step  (a)  (H  =  25  mm,  cT^/H  s  0 . 1 )( 1— 5)(b) , 
with  flow  past  steps  ( d  1 — 5  mm,  M  =  2.9)(6 — 8)  and 
drop  of  discontinuity  on  the  boundary  layer  (  /,  =  5  mm. 

M  =  2.9)  (9 — 11)  [  Bogdonoff  and  Kepler  (1955) J  • 

1— M  =  0.39}  2— M  =  0.63;  3—M  =  0.83;  4~M  =  0.93; 
r — M  =  1.1;  6 — H/o^  =  1.0;  8 — H / <f  ^  =  0.4;  9 — 6  ~  7  ; 

10— e  =  11°;  11—0  =  is0. 

Fig.ITI.34  shows  the  critical  pressure  drops  in  a  function  of 
*  he  Mach  number  for  flows  past  the  forward  facing  step,  the  incidence 
shock,  and  the  nozzle.  This  finding  is  presented  by  Panov  and  Shvets 


v '  -•!. a '  -  j  j.  otraignt  line  approximation  in  the  rang*  .of  1.3- Mi  4 
,:o  p,  ' -r  ~  ...  :;,15  t  o.c75  M.  Such  a  straight  line  relationship  is 
>.  o:.f  i  rmed  uv  Petrov  et  al  (1932)  and  Petrov  (1969). 


Pig. Til. 34.  Dependence  of  a  critical  drop  of  pressure 
on  the  Mach  numte’"  ^ Shvets  and  Shvets  (1976)  J  1 
1 — separation  in  front  of  the  step  (M  number  equals  0.39; 
O.o3;  O.83  and  1 . 1 ) ;  2 — data  of  G.  Gedd,  D.  Kholder, 

A.  Rigan;  3 — data  of  R .  Leyndzh,  Kh.  Roy  [Panov  and  Shvets 
(1966a)  J  ;  4 — incidence  of  discontinuity;  5~separation 

of  flow  in  nozzles  (data  of  Arens,  Spiegler,  Foster,  Stevens 
et  al)  [  Fanov  and  Shvets  (1966a)]  ;  7-[_Eggink  (1950 )J;  8 — 

[Mager  (1956)];  9- [Arens  and  Spiegler  (1963)}. 


1 . S .  Flow  Separation  Due  to  Short  Blunt  Bodies 

Experimental  programs  to  evaluate  the  base  pressure  effected 
1  ••  hodv  configuration ,  Mach  number  and  Reynolds  number  were  carri¬ 
ed  out  by  flight  tests  sc  that  model  support  Interference  in  wind- 
tunnel  tests  may  be  eliminated  and  reliable  data  could  be  obtained 
for  useful  analysis. 

Cassanto  (1965)  found  that  for  a  hemispheric  nose  cone  at  zero 
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of  t  tack.  e\.puseo  'o  turtmleru  r.rer-  and  v  person*. 
.,»•  ume  pressure  ;f>  -ffeoted  rt  reny!\  i-oth  •  •me  mg.e  a!" 

•*'  .  •. r  .•  i  '  *  x-  1  M  ;"•>--  IVC  S  •  T-  .:T< •*  .  «.i  !  V  €'  » '•'  '  •  f  •  (  i  '  i  - 


MV'  vl  r  :-io'  .•*■ 

.  .  zen  w  Lin. '  icii  ,  l 
’  .it  £3  _i  ...  ;’’i  i fc 

at  ’tu.  .  ai  ;.<•:■•  ■■;  • 


the  .o'. .  cone  or assure  :ne  :  ree  stream;  cress. <re  .or 


:>ody  'an  or  slightly  lower  or  higher  than  for  a  sriaip  body,  depending 
upor.  i  '.ur.’ness.  Thus,  the  product  of  these  two  ratios  (  P^/P^  )( F/  /  ' 

where  the  subsc-:pt  /  refers  tc  local  cn  the  cone,  is  such  that  a 
•  1  *irs *  ho.1v  generally  has  a  higher  base  pressure  tlian  a  sharp  body. 

:.e  free- High*  '-ase  center  line  pressure  data  of  cones  at  zero  angle 
if  l:  la  k  and  v  ••  -j — t*?  were  correlated  by  Jassanto,  Rasmussen  and  Coats 


>■  i  i rp  one,  the  base  pressure  is  strongly  aependent  on  the 
bis  number  ir.u  'use  pressure  decreases  with  increasing  the  itey- 
...  ids  :  an  her  for  .ar.inar  and  turbulent  flows,  whereas  tor  blunt  cone 
race  pressure  1*  Is  relatively  insensitive  to  the  Reynolds  number, 
.'sing  the  local  Mam  number,  Reynolds  number,  physical  and  displace¬ 
ment  thickness  of  a  no  unclary  layer,  test  data  of  p^/p^  ,  is  correlated 
in  a  function  of  M*  (Re^  )  by  a  single  curve  for  various  bluntnesses 


VI 


and  M  =  b-19. 


>  ■  ■  ...  '  ■-  '  •  /  r  '  i.  .•  t-::  '  t‘  :i£e  ,  •<_  •  .. 

..iv  .i*  of  sleraer  cove  v i  i r:  a  continuous  acme  af  tei> foay  and  com- 
i  •  rr:  tee  r'ressi..-e  downstream  of  e lender  cone  witn  a  fiac. 

-  ‘  '  :  r  :  'or  're  .unirar  flow,  and  at  zero 

1  •  e.^.r.v;  r.se  "Offers  i..  l  function  of  r.  /R 

oc.  «  oase 

■  .  ...  e  .,. adits.  iie.se  vase  pice.?'  re 

....  . ..  ...  ..  ... t  .  ■  e  .  cCG.  ”e  v‘uS  C  ,  levee  . ; .a  . 

...  ...  ........  ;'or  c:  .air-  ;s  not  lauf, 

.  •  •  m  -  .:  :  usr-oeiated  wit;,  the  flow 

...  i  ..at  surface,  separation  ecu  urs  at  the  sharp 

the  juncture  of  the  cone  and  base,  cut  for  a  model  with  a 
icne,  flow  tends  to  follow  the  contour  and  stays  attached  longer  before 
finally  -separating.  Hama  (1968)  measured  the  base  pressure  increase 
wit!,  increasing  dome  radius  at  M  =  4.5  or.  a  two  dimensional  wedge 
having  laminar  c.r  ;  rar.siticnai  flow  and  had  results  contrary  to  Cas- 
••ar.tc  et  al’s  (1969)  findings  for  M  =  11.9  on  a  free-flight  model  in  a 
am  .nar  f.c  w.  .-1  higher  local  Mach  number  tends  to  cause  a  higher  flow 
. angle,  avid  hence  the  oase  pressure  is  lower  for  the  dome  model 
.an  for  h.e  flat  base. 

is'.ng  cone  models  of  r/R  =  0.25,  ®  =  50  L  ,  60°  ,  and  ? o'”  with 
...  .isvnretric  boat-tailed  after  body  (boat-tail  angle  T  -  20°,  25°  and 
experiments  were  carried  out  to  evaluate  the  base  pressure,  the 
;t reamwise  pressure  gradient  in  the  wake  at  supersonic,  trasonic  and 
Subsonic  speeds  by  Cassar.to  and  Buce  (1971). 

,1  supersonic  speeds  as  shown  in  Fig. Ill . 35(a)  ,  in  all  tests,  with 
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an  increase  of  the  angle  of  attack,  the  base  pressure  decreases  sig¬ 
nificantly  , 


Fig. III. 35-  Dependencies  of  base 
pressure  (a)  and  the  position  of 
the  free  viscous  layer  (b)  on  the 
angle  of  attack  (M  =  3)  [Shvets 
and  Shvets  ( 1 976) J  t 

1—6  =  50°;  2—0  =  60°;  3—0  *  70°; 
d —  7  =  20°;  5—  T  =  23°;  6—  >'=  30°. 


However,  at  transonic  and  subsonic  speeds,  as  shown  in  Fig. III. 36, 
values  of  static  pressure,  total  pressure  and  reversed  flow  total 
pressure  increase  smoothly,  although  in  the  region  of  x/d  =  1-2,  they 
decrease  slightly  and  then  finally  approach  the  magnitudes  of  static 
pressure  of  free  stream  at  the  reattacnment. 

!  r.  Fig .  I T I  .  3‘H  t ) ,  it  is  shown  that  variation  of  angle  ft  ,  which 
is  defined  as  the  angle  between  the  base  section  and  tangent  to  the 
oubT  boundary  of  viscous  layer  at  a  distance  of  0.23  d  from  the  bas* 
section  On  the  windward  side  ft  decreases,  approximately  linearly, 
with  increasing  o<  ,  whereas  on  the  leeward  side,  up  to  ^  r  30°, 
increases  linearly  with  increase  of  o<- 

It  was  found  also  that  the  shape  of  models  has  little  effect  on  a  , 


"  o  L3  *est:ures  w  "•  th  superscribe 


—  I  O  «i  Huh 


n e  vis  :o u s  . _a\  e  •; : 


'.Y.e  p  he tograph  of  ?if  .ITT  shows  clear  y  the  curved  expansion 
wave,  viscous  layer  and  trailing  shock.  Flow  separated,  at  the  cor¬ 
ner,  at  all  velocities  tested.  At  subsonic  speed,  free  vortices 
caused  by  separation  are  transferred  downstream  in  a  turbulent  vor- 
*ex  layer.  At  transonic  speed,  flew  velocity  reached  locally  to  su¬ 
personic  velocity  at  the  external  boundary  cf  the  mixing  layer  and 
■’c ."Tried  zones  closed  by  the  shock  wave.  At  supersonic  speeds,  the  se¬ 
paration  zone  dimension  is  reduced  significantly. 

Isayev  and  Shvets  (1970) ,  Panov  and  Shvets  (196th)  and  Shvets 
and  rar.cv  \'.a' '))  'arried  cut  experimental  tests  for  two  series  of  be¬ 
vies  in  a  wind  tunnel. 

One  series  of  models  consists  of  a  basic  cylindrical  section  and 
a  reading  section  of  various  shapes  such  as  conical,  elliptical,  flat 
faced  wi  .,h  rounded  leading  lateral  edges,  in  a  range  of  r/R  =  0-1, 
where  r  is  the  radius  of  the  rounding  of  the  leading  edge  and  R  is 
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*Ve  discontinuity 


'  ~-eI  ’ . I utica'i  leading  section;  ? — round * 
section , 


:  1 — sectors  of  a  -ody ; 

7 


•"1  . i-'ht  ;  a  7.  nan  ,  ■ 

i  ':.av:-.a-  ?  lOSO)  i  . 
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r' — v-mne  - 


Fir  .  T  ’ T  u.? .  Dependence  of  the  Kr  nun  bet 

of- 

on  the  parameter  of  rounding  r/7-.  [Shvets 
and  Shvets  (1976)]  : 

1—0.4  Pj  2—0.24  R;  3—0.12  2. 


Fig. IT*. 43.  F  nufflhe-  for  elliptical 
leading  section  (dashed  line — experi¬ 
ment,  solid  line — calculation  [_Chuahk.in 
and  Ohuiishnina  (l96l)J  ,  t — ratio  of 
semi-axes  of  an  ellipsoid). 
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"n«-  problem  of  flow  between  the  r.paoe  of  two  bodies  ir.vol vi np 
reparation  nil  reattachment  is  of  proof  leal  interest  to  aircraft 
-  •  v  !  .  i: :  i  cs .  :iect-:rtlv  in  the  Uf  SH  ,  attention  has  been  paid  to  the 
■  .  •  :  ween  two  todies,  but  omitting  the  os' ream  phenome:.;  it 

•  -'tv.  '  ’'rcr.t  ouv  is  ;  at  red  or  •  he  solid  '"uri'uce,  men 

,01,  ta  i.e-p  i'.'  i  e  .  .. . . e  inrii.e?,  of  ‘.lit*  'rent 

-i  i  7.  v-„  ,•  e  re  '  o  re  —  v.or  ,  to  ':ciil  nod;  .  lot  coa- 

■■  :.r  i,s  p".e: . ena  ,  a  e.-neeir  --a  .r.g  op.  . ,e  urc  ,en  downstream 
,i  iron;,  trouy ,  c-f.i  iov  pl°h0',  siud.ieu  supersonic  flow  around  a  disk 
•i  rear  rody)  of  smaller  height  net  it  id  the  front  body  of  large;;  height. 

: iagvams  of  such  flows  are  shown  in  Fig.  11 1  .  dt . 

Fig. Ill  .4-,.  diagram  of  flow  past 
two  closely  positioned  bodies 
pShilov  (I9bh) j; (  / — Distance  be¬ 
tween  bodies) . 


1  hr  instance  £  let  ween  fh.o  front  1  ody  base  and  disk  is  small, 
and  is  totally  submerged  into  the  separation  r.one  as  indicated  it; 

F ir  .  1  i  '  . dr.;i.,  then  downstream  of  the  disk,  the  flow  behavior  is  con¬ 
st  do  re-.  * o  be  that  of  the  ordinary  base  flow,  involving  flow  from 
the  :vat;.,i -hment  as  well  as  upstream  flow  effected  by  the  flow  through 


’  uetweeu  'he  ex  tenia  L  -v.ge  of  the  fiisk  o.:ui  t:.«  mixing  zone . 

- ? -  turning  of  the  external  supersonic  flow  at  the  trailing  edge  of 
hr.  front  body,  and  pressure  on  roil,  sides  of  the  disk,  are  determined 
r-ferring  to  the  equilibrium  position  of  the  free  boundary  layer  la¬ 
in;.  the  flow  rate  in  the  separation  zot.u.  If  the  a i stance  .i  is 
.r'p,i  ed  nnu  flew  rate  through  the  gap  is  sna.ll,  : her.  external  flow 
ure  'harper  ii  the  upstream  area  of  the  disk  and  flow  reattaches 
h  the  disk  is  indicated  in  Fig. Ill .4ct .  flow  downstream  of  the  risk 
i also  considered  t.s  ordinary  hase  flow,  although  the  initial  boun¬ 
dary  layer  thickness  is  thicker.  The  force  acting  cn  the  disk  increases, 
due  to  the  change  of  flew  momentum  in  the  boundary  layer  entering  the 
separation  zone  in  front  of  the  disk.  But  at  a.  cetci.r  length  ^ ,  the 
flow  rate  reaches  its  maximum  due  to  the  reverse  flow.  If  this  flow 
rate  is  smaller  than  that  required  to  maintain  the  flow  rate  in  the 
separation  aone,  then  flow  behavior  suddenly  changes  and  flow  down¬ 
stream  of  the  front  body  becomes  that  of  ordinary  base  flow  and  the 
disk  is  exposed  fo  a  non-uniform  supersonic  flow.  Based  upon  such  a 
model,  the  drag  coefficient,  of  the  disk  is  computed  in  a  function  of 
/  and  compared  with  experimental  lata  as  seen  in  Fig. III. 46. 

I?ig . TIT .46.  Drag  coefficient  of  a  disk 
with  varying  distance  from  a  :ody  (cur¬ 
ves — calculations,  [ Shilov  (1969)]  « 

1  — M  =  2,  2— M  =  2.5;  3—M  =3-6. 
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lenor.kev  ich  (IC/.9),  •»;  the  study  of  supersonic  f  low  between 
.;n  : »  s ,  : -.ennui  :  hat  the  external  ;r.v  isc'-d  flow  separating  from. 

•  i  -a  1  railing  edge  of  the  frcr.t  body  mixes  with  the  fluid  existing 
between  two  bodies  and  forms  a  fn.e  boundary  layer. 

At  '.he  reatt.a on. vent  point  cn  the  rear  body,  the  boundary  raver 
n-  . :  i  videci  into  two  part s-one  par*  flows  away  as  externa  l  flow 
v:d  ''ot.'.tv  par*,  after  impinging  •,  u  tht  tear  body ,  tun.a  ar.i  ferns 
:  t *  r y  flow,  ana  its  velocity  depends  on  the  body  heights. 

I order  to  cause  such  a  reverse  flow,  the  reversed  flow  rate  must 
be  equal  to  the  entrained  flow  rate  along  the  internal  boundary  of 
the  boundary  layer. 

X  *rpov  et  al  (,1968)  and  Cherkez  et  al  (1970)  computed  the  flow 
characteristics  in  the  separation  zone  between  two  closely  positioned 
coaxial  bodies  and  found  an  equilibrium  position  of  a  free  boundary 
layer. 

The  spread  of  this  free  boundary'  layer  passing  the  rear  body 
provides  a  flow  rate  ir.  the  separation  zone  equal  to  that  entrained 
along  the  internal  boundary  of  the  boundary  layer.  Based  upon  this 
oen.ieoture  the  angle  of  flow  turning  at.  the  separation  and  a  change 
.  v.  pressure  ire  evaluated.  For  this  analysis,  flow  parameters  up¬ 
s' ream  of  the  separation  are  assumed  to  be  known  as  evaluated  by 
the  external  flow  calculation  over  the  front  body.  In  order  to  des¬ 
cribe  the  continuity,  it.  is  necessary  to  find  the  flow  rate  along 
the  internal  boundary  according  to  boundary  layer  characteristics, 
to  do* era: me  the  relationship  between  the  position  of  the  boundary 


layer  relative  to  rear  body,  and  to  evaluate  the  flow  rate  entraineo 
ir.  to  the  separation  zone. 


■  If. 
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the  base  pressure  ::oef 

l'  ic  i  e?  n.  do  ^.stream 
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0  i  se  fix  re.,  .v  a.  on  •  o  irr. 

•  i  >  d.,  ,  then  wi til  the  increase  of  £  u.  ,  tne  flow  bur- 

roar  t  ror.t  -  'em 

angle  at  the  separation  ana  .ese  pressure  decreases . 


Fig.  fT’  .4?.  Dependence  of  the  coe¬ 
fficient  of  base  pressure  on  the  dis¬ 
tance  Detween  hodies  (d  ,/d  , — 

x  read  1 ront 

relationship  of  the  diameters  of  two 
bodies  [Karpov ,  Semenkevich  and  Cherkez 
(1968)  ]. 


the  not. -dimensional  critical  length  t  -  t  at  which 
e  single  separation  zone  is  divided  into  two  (.because  of  the  rea- 
i.a.-r;iT.ent  and  snusquent  reseparation  on  the  floor  surface  or  symme- 
ry  axis)  is  shown  in  Fig. Ill .40,  in  a  function  of  M  and  in  a  para- 
•  tc r  of  -i  „t  by [Karpov  et  al  (1968)]. 


Fig. ITT. 48.  Value  of  the  critical 
distance  between  bodies  at  which 
restructuring  of  flow  occurs  [Karpov, 
Semenkevich  and  Oherkez  (1968) J 


udrvavtsev  et  al  v1969)  investigated  the  quasi -steady  supersc- 
::::  i'.cw  over  ciosedy  positioned  coaxial  bodies.  The  flow  parameters 
.  r.  che  separatee  cone  between  two  bodies  depend  on  the  velocity  of 
■separation,  ever,  ii  its  velocity  is  very  small  compared  to  that  of 
:.ve  "'rear  flow. 

clary  of  a  1  oba'.. Untie  experimental  resells  indicates  that  the 

res*  ruch\:rir:g  process  of  cavity  flow,  frem  a  single  separated  zone 

■  'wo  separated  zones,  is  gradual,  and  2  =  5  -  6  d.  .,  while 

cr  irout 

fer  ‘he  o'n i icr.ail"  model  exposed  to  high  steed  flew,  /  =  l.y  -  4 

1  jr 

i.  reez.'r.t  wl  the  predicted  value  suggested  by  Karpov  et  al  (1968). 
n : kt  v  •.  19':"'-  *  established  the  engineering  method  to 

■c;v.  u  to  the  pressure  downstream  of  ‘ne  body,  and  in  the  neighborhood 
-vf  axisyr.::,etry,  by  assuming,  that  the  inclination  angle  of  the  dividing 
stream  line  does  not  differ  significantly  from  the  inclination  of  tan¬ 
gential  to  the  edges  of  two  bodies. 

Shvets  (1971)  obtained  experimental  data  on  flow  in  the  space 

2C7 


•  «’ w-tjr:  a  'one  a p.d  cylinder  whose  diameters  and  lw;gtf»s  were  same, 
arid  plotted  the  pressure  distribution  or,  the  support  which  holds 
the  hone  and  the  cylinder,  as  shown  in  Fig. II I .40. 


Fig. TIT. 49.  Pressure  on  the  holder  between  a  cone 
(0  =  10°)  and  a  cylinder  (solid  lines  correspond  to 
M  =  3>  dashed  lines  correspond  to  £  =  L/d  =  0.75) 
^Shvets  and  Shvets  (1976)  ]  : 

1—  2  -  0.2;  2—  £  =  0.5;  3”  2  =  0.7;  4—  I  =  1 .0; 
5 — M  =  0.4;  6—K  =  0.7;  7— M  =  0.8;  8— M  =  0.9. 


With  approximately  same  ^/d,  at  supersonic  speed,  the  pressure 
variation  is  more  pronounced,  compared  to  subsonic  speed.  For  exam¬ 
ple,  with  i /d  3  0.7,  at  M  “  3.  p/p,*,  reaches  its  minimum  value  of 
~  0,4',  at  x/d  2.2  and  increases  p/p  w  to  0.62  at  x/d  — •  2.75, 
whereas  wi 1 h  - /d  -  0.75.  at  M  =  0.7,  the  minimum  value  of  p/p ^ 

0.85  is  reached  at  x/d  ~  2.25  and  p/pTi~  1.0  is  at  x/d  2.?5- 
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oo  v ,  i-oc o t'  i! .  .iii'-i  .  o-l  kiuo,  v  -  '  • '  oy Sj  ;  6ir« tij. Cti-L i.y  pir©  s  ft  n  t-  ft  d. 

•  he  investigations  vf  other  ecur.tries  >  r:  hvperst  uic  wakes  in  the 
"TsAGl  Review  of  the  Centra!!  Aeru-Hvd vouyr.Hnio  Institute"  (Tsentral ' nyy 
aerogidrodinanicheskiy) . 

Shvets  and  Shvets  (1970  descri r^l  the  hypersonic  separated  flew 
in  their  bock  Gasdynaaic  of  Near  Wake  ,  frequently  referring  to  recent 
ar  icles  of  the  AiAA  o cun, at . 

fh.e  significant  changes  ;n  the  structure  of  a  laminar  near  wake 
r.  '.'<=■  Mach  number  arias  f :  ok  i  ts  small  numbers  to  M  7, 

. person!  •  wake  structure  as  McUiugh.i  ir.  e*  ai  (1971) 

•  ;>•  experimental  iy  determined  the  streamlines,  liner. 

.•  tal  •.•••or.-.ur'e,  ard  tempera  turo  and  positions  c;"  shock 
cam  of  a  slender  cone,  at  M  '  7  and  at  various  angles 

:t9 


it , 

i. 

3  ^ 


Aii  at. tempt.  will  be  briefly  made  to  describe  the  various  features 


hypersonic  wake  such  as  laminar,  turbulent,  shape,  and  heat  trans- 
: ’  'ho  angle  of  attack, 


■  '  '  aminar  .take 

".ainan  \i  ■  red  cut  the  e.-.pe:  1  rie:  a.  ■■  j .  as  ■  :  kj: 

’SB'.'  'c  .cal  s  i  mo  .  re  -■•  a  laminar  erso  .<  .  o  a’  . c '■ 1 : r  t  rear.  .  a 

’.alf-argle  sharas  circuital’  cone  •-r  .  •  .•  .agrohi  .  ;;  ,r;r;.:isi 

ana  exposed  to  >1  ”  :  r>  helium  'tow  at  zero  air’e  of  a  r  ack.  "he  em¬ 
phasis  of  the  investigation  has  been  o:i  gaining  a  fundamental  under¬ 
standing  or  the  initial  phases  of  development  of  the  wake  and  to  pro¬ 
vide  the  information  needed  to  construct  fluid  mechanical  models. 

"he  measured  aata  of  velocity,  Mach  nur.i.  or.  temperature  and 
.".'ensure  along  the  axis  are  shown  Fig.  Ill  ..‘10,  and  III. .51*  and  In¬ 
i’.,  ate  tnc  following  flow  features,  'o  appreciable  extent  of  con¬ 
stant  axial  static  pressure  in  the  recirculation  zone  exists.  A 
ruxir.ur;  ax  5  a  i.  :  nr.  v  pressure  ir  re  t  ,,  is  located  at  x/d  =  0.75 
where  x  and  1  u.v>  ax  la  1  distance  i  -om  the  base  of  the  cone  and  d  is 
i : ureter  of  are.  Downstream  of  this,  the  pressure  decreased  to 
*he  -.i ream  .evc/i  at  x/d  a  r-  Downstream  of  x/d  -  c,  pressure 

.-‘-mains  approximately  constant  at  a.  Level  about  15  %  higher  than  nor- 
al  p„.  .  The  case  pressture  is  1 .58  p  ...  .  The  wake  stagnation 
point  is  upstream  of  x/d  -  1  and  sonic  point  on  the  axis  at  x/d  a.  l.t> 
A  rapid  acceleration  of  axial  flow  downstream  of  the  stagnation  point 
taker-  place,  due  to  a  favorable  pressure  gradient  and  viscous  mixing 
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wu  e 


agina :  es  at  x/u  -  - 


•Vuler'.t  Wake 


turbulent  wake  downstream  cf  a  ccne  at  M  =  o,  and  He  „ 
was  investigated  by  Martellucci ,  Truccc  and  -.gr.one  (1  a*'f 


•cached  the  following  conclusions. 


■  cf  u  “  is  straight  everywhere  except  on  the  c.'nr.ctrv  axis 
•ite  of  inclination  to  the  frjsetr  axis  is  i c.°.  Positions 
'cai.  Mach  number  equaj.  to  unity  is  at  :•:/ d  -  !  wake  neck 

and  the  local  critical  point  at  y  d  C.  c  wr.en  ik e = 

n 


indicating  no*  x  d  does,  not  le- 
c 


’.ir'icantly  on  the  Reynolds  number.  The  sunscript  a  refers  c 
.  t.  ion  on  the  trailing  edge  of  the  body'.  The  shock  was  also 
and  its  inclination  angle  to  the  axis  is  4  .  It  is  noted  also 
maximum  static  pressure  or.  the  wake  axis  is  larger  than  p 


<c— hirers iona I  Separation  Flow 


■y.  Hackev  and  Dwover  (1971 )  investigated  lar.inar  separated 


?\>: .  Change  in  static  pressure 

downstream  iron  a  protuberance  vK  =  •  ", 
e  =  0.  51  • O'  ,  H  =  3.9  mm  [  than,'.  h.i:  ~ 
sov  and  wover  'v19?l)j  I, solid  lines— 
.alnulat:  c\.  of  static  pressure  . ior.£:  t:v, 
pound  ar-  line  of  the  current  or  an  i r- 
.  Isold  flow;  dots — experimental  data  or. 
pressure  on  the  surface:  C  —  the  'tint  r‘ 
•eattachmen  to  . 


Impact  pressure  comparison  between  experimental  and  rotational  cha¬ 
racteristics  computations  show  that  the  majority  of  the  separated 
flow  field  is  primarily  an  inviscid  phenomena  and  the  viscous  domi¬ 
nated  region  is  rather  limited,  but  the  separated  flow  region  exerts 
an  influence  over  the  entire  flow  field.  Although  the  rotational  cha¬ 
racteristics  can  be  applied  successfully  for  inviscid  flow,  the  com¬ 
plete  flow  field  must  be  determined  by  a  numerical  matching  scheme 
between  the  imbedded  viscous  flow,  evaluated  by  the  Navier-Stokes ’ 
equations. 

It  was  noticed  that  in  the  separated  region,  except  for  the  lead¬ 
ing-edge  shock,  no  obvious  shock  waves  were  detected.  A  single  rea¬ 
ttachment  shock  wave  was  barely  detectable  and  its  strength  increased 
as  it  propagated  downstream.  The  expansion  fan  emerging  from  the  cor¬ 
ner  eventually  reaches  the  leading  edge  shock,  and  the  gradient  of  the 
impact  pressure  in  the  plane  perpendicular  to  the  testing  surface  de¬ 
creased  considerably.  No  uniform  flow  field  existed  between  the  lead¬ 
ing  shock  and  reattachment  shock. 

Shang  and  Korkegi  (1968)  measured  the  pressure  distribution  down¬ 
stream  of  a  rearward  facing  step  at  angles  of  attack.  The  model  con¬ 
sisted  of  a  wedge  of  12°  half-angle,  followed  by  a  flat  plate,  recessed 
to  form  a  step  with  respect  to  the  wedge  base. 

Fig. III. 53  shows  p/pm  ,  in  a  function  of  x/H  for  5<  Mw<  7.5 
at  various  angles  of  attack.  The  subscipt  w,  refers  to  wedge  and  sym¬ 
bols  x  and  H  refer  to  distance  from  the  base  and  height  of  the  base, 
respectively . 
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The  following  significant  facts  may  be  noted.  The  distribu¬ 
tions  of  the  non-dimensionalized  pressure,  with  respect  to  wedge  pre¬ 
ssure,  are  essentially  coincident  up  to  a  point,  beyond  the  peak  value. 
Furthermore,  the  reattachment  point  appears  insensitive  to  the  va¬ 
riation  in  the  Mach  number  after  the  initial  decrease  following  the 
peak  pressure,  the  levels  of  the  various  curves  tend  to  approach 
different  asymptotes.  For  purposes  of  comparison,  the  isentropic  asym- 
i totes  for  the  various  configurations  are  indicated  in  Fig. III. 53- 


Fig. ITT.  53-  Pressure  distribution  downstream 
of  the  rear-facing  step  at  various  incidences 
Is hang  and  Korkegi  (1968)]  . 

Dewey  ( 1 965)  measured,  at  hypersonic  speeds,  the  surface  pressure 
distribution  on  a  circular  cylinder  as  a  function  of  (based  on 

stagnation  conditions  and  diameter)  as  shown  Fig. III. 5^. 

The  most  striking  feature  is  the  diminishing  extent  and  finally,  the 
disappearance  of  the  region  of  constant  pressure  as  the  Reynolds  num¬ 
ber  decreases.  The  assumption  of  constant  pressure  mixing  implies  that 
the  surface  pressure  downstream  of  separation  is  constant  and  equal  to 


V 

the  value  at  the  outer  edge  of  the  shear  layer.  As  seen  in  Fig. Ill .53", 
this  assumption  is  not  valid  at  the  lowest  Reynolds  number  tested, 

4 

but  a  large  region  of  constant  pressure  is  anticipated  for  R x  10  . 
A  second  important  result  is  that  the  separation  point,  which  is  lo¬ 
cated  very  close  to  the  surface  pressure  minimum,  moves  aft  with  a  de¬ 
creasing  Reynolds  number.  The  pressure  rise  required  to  separate  the 
boundary  laver  increases  with  a  decreasing  Reynolds  number,  allowing 
the  boundary  layer  to  penetrate  more  and  more  deeply  into  the  base  re¬ 
gion.  The  third  significant  finding  is  that  there  is  a  small  pressure 
rise  downstream  of  the  cylinder.  This  region  of  increased  pressure  ex¬ 
tends  about  +  15°  on  either  side  of  the  axis,  indicating  that  the  re¬ 
verse  flow  stagnates  in  the  base  region, 

2  A.  Effects  of  the  Angle  of  Attack 

Wu  and  Behrens  (1972)  measured  mean  flow  properties  of  hypersonic 
wakes  downstream  of  a  20°  total  angle  wedge  at  M  =  6,  Reynolds  num¬ 
bers  7000  -  55000  based  upon  wedge  base  height  and  at  various  angles 
of  attack  up  to  25°  • 

The  near  and  far  wake  structures,  as  well  as  streamlines  and  ve¬ 
locity  profiles  over  a  downstream  distance  of  60  base  heights,  were 
determined.  Separation  on  the  leeward  surface  occurs  at  '=*.  y  17°, 
and  the  near  wake  flow  field  changes  accordingly.  In  the  laminar  wake 
flows,  the  wake  width,  minimum  velocities  and  maximum  temperature 
change  little  with  the  angle  of  attack.  In  the  transitional  wake,  a 
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Fig.  m  .54.  Distribution  of  pressure  on  the 
surface  of  a  cylinder  in  the  area  of  separated 
flow  (M  =  5.8)  [Dewey  (1965)3  : 

1—  He,  =  7.8-103  ; 

d  3 

2—  e,  =  3 ■ 9’ ICr  ; 

d  t 

3—  Red  =  2.7-10J  | 

4—  :>e.  =  2.2-103  J 
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"breakaway"  phenomena  is  observed  and  the  transition  moves  flow 
upstream  as  the  angle  of  attack  increases.  At  the  angle  of  attack, 
the  flow  phenomena  over  a  two-dimensional  surface  and  axisymmetric 
body  are  quantitatively  different.  Flow  over  the  cones  causes  a 
very  thick  boundary  layer  on  the  leeward  side  even  at  a  relatively 
small  angle  of  attack.  Thus,  in  the  near  wake,  steeper  gradients 
in  velocity  and  temperature  occur  on  the  windward  side,  but  not  on 
the  leeward  side  when  they  occur  in  the  wake  flow  of  a  wedge  at  angle 
of  attack.  Tje  inviscid  wake  flow  parameters:  wake  static  pressure, 
velocities,  Mach  number,  and  temperature  at  the  edge  as  well  as  the 
flow  inclination  in  real  flow  compare  favorably  with  the  simple  in¬ 
viscid  shock  expansion  model  for  M  =  6  and  ot  ^  25° • 

The  close  correspondence  between  the  simple  inviscid  shock-expan¬ 
sion  model  and  the  real  wake  outside  the  viscous  wake  for  M  =  6, 
oc  •£■  25°,  indicates  that  the  inviscid  far  wake  is  determined 
mainly  by  the  relative  strengths  of  the  leading  edge  shocks.  The  lo¬ 
cations  of  wake  edges  are  determined  by  the  intersection  of  the  tan¬ 
gent  of  the  maximum  transverse  gradients  and  the  wake  edge  levels  of 
the  pitot  pressure  traces.  The  wake  thickness  is  obtained  as  the 
width  between  these  intersections  on  the  leeward  and  windward  sides. 
The  transition  moves  upstream  as  the  angle  of  attack  is  increased  for 
the  same  Reynolds  number.  At  a  small  angle  of  attack,  the  near  wake 
structure  is  very  similar  to  that  of  a  symmetric  wake.  The  boundary 


layers  separate  at  both  trailing  edges  of  the  wedges  and  coalesce 
at  about  three-quarters  of  the  base  height  downstream,  and  as  the 
angle  of  attack  increases,  the  recirculation  region  moves  toward 
the  leeward  side.  When  ot  >  17.5°  >  flow  separates  on  the  leeward 
surface  and  the  recirculation  region  extends  from  base  to  leeward 
side.  Separation  moves  upstream  with  an  increase  of  the  Reynolds 
number . 


Some  important  features  of  the  wake  geometry,  such  as  the  shock 
wave  location,  the  shear  layer  edges,  the  sonic  line  contour  of  zero- 
velocity  and  the  stream  lines  are  seen  in  Fig. III. 55-  The  stream  line 


curvature  near  the  windward  trailing  comer  clearly  indicates  the  strong 
pressure  gradients  in  this  region.  At  four  or  five  base  heights  down¬ 
stream  of  the  base,  the  flow  in  the  viscous  wake  is  nearly  parallel  to 
the  free  stream  direction.  In  the  far  wake  flow  field,  the  overshoot 
of  a  wake  static  pressure  exists  which  depends  strongly  on  the  angle  of 
attack;  the  higher  the  angle  of  attack,  the  larger  the  overshoot.  The 
viscous  wake  edge  values  of  the  velocity,  the  Mach  number  and  the  tem¬ 
perature  are  very  close  to  the  upstream  conditions  for  all  angles  of 
attack  on  the  leeward  side,  and  change  considerably  on  the  windward 
side  with  the  angle  of  attack. 

2.5-  Shape  of  Wake 

Waldbusser  (1966)  investigated  the  geometry  of  the  laminar  wakes 
downstream  of  three  conesi  one  pointed  cone  and  two  blunted  cones 
with  a  nose- to- base  radius  ratios  of  0.035  and  0.3. 

The  diameter  and  location  of  the  neck  in  showngraph  photographs 
were  determined  at  the  intersection  of  the  trailing  wake  shock  and  edge 
of  the  viscous  core.  Measured  neck  data  indicate  that  neck  diameter  is 
strongly  effected  by  M  ^  ,  the  ambient  pressure  and  the  model  size  but 

neck  diameter  normalized  by  the  base  diameter  & / d  is  a  function  only 
of  M  „  and  Re,  as  shown  in  Fig. III. 56.  An  increase  of  Re,  at 

00  d.  Udo 


constant  Re 


results  in  a  decreased  o  /d.  No  effect  of  the 
cone  angle,  the  bluntness  ratio,  the  nose  shape  or  the  body  size  was 
discernible  within  the  limits  of  tests  available.  Distance  to  the 
neck  increases  linearly  with  increasing  M  ,  not  effected  by  Re . 

qoo 

nose  bluntness,  body  size,  cone  angle  or  nose  shape  in  the  range  of 
✓  4  6 

6.5  x  10  Re^  1.2  x  10  .  The  shock  origin  is  located  at  the 
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Fig. III. 56.  Diameter  of  the  wake  neck  behind  cones  (9  =  6-9°, 
r/R  =  O.I5-O.3)  [  Waldbusser(l966)  J  »  1 — M  =  4;  2 — M  =  7; 

3 — M  =  9i  4~M  =  11  j  5~M  =  15. 


point  where  the  continually  coalescing  compression  waves  (was  not  vi¬ 
sible  on  a  shadowgraph)  produce  a  density  gradient  large  enough  to  be¬ 
come  observable  on  the  photograph.  Distance  to  the  shock  origin  in¬ 
creases  with  increasing  M  »  .  The  shock  origin  with  respect  to  the 

circumference  of  the  model  is  located  by  the  angle,  which  is  defined 
as  an  angle  in  a  meridional  plane  between  the  straight  line  from  the 
aft  end  of  the  conical  surface  parallel  to  the  body  axis,  and  the  line 
from  this  same  point  to  the  origin  of  the  wake  shock. 

With  an  increase  of  H  w  ,  "jf  decreases.  The  shear  layer  is  approxi¬ 
mated  by  the  flow  region  which  is  bounded  by  a  line  between  the  edge 
of  the  boundary  layer  and  the  edge  of  the  neck  and  a  line  between  the 
cone  shoulder  and  a  point  somewhat  upstream  of  the  measured  shock  ori¬ 
gin. 

Levensteins  and  Krumins  (1967)  studied  the  base  flow  geometry  by 

optical  observation  using  titanium  cones  of  a  9°  half-angle  with  va- 

4 

rious  bluntnesses  in  the  range  of  6  <-  M  *  15  and  2  x  10  <  Re^c  1*3 
x  106.  The  origin  of  recompression  shock  and  location  of  neck  are  gi¬ 
ven  by 

x  -  axial  distance  from  the  base  to  origin  of  the  recompression 

s 

shock,  which  is  considered  to  De  indicative  of  the  location 

of  the  rear  stagnation  point. 

x  -  axial  distance  from  the  base  to  the  wake  neck. 

n 

The  widths  of  wake  flow  at  x  and  x  are  denoted  by  £  and  cf  res- 

s  n  ^  s  n 

pectivelyi 

Then,  xg/d  and  xn/d,  <^/d  and  d^/d  are  plotted  in  a  function  of 
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Re  for  cone  of  6.3°  half-angle  at  M  ~  9,  for  laminar  and  turbulent 
flow  as  shown  Fig. III. 57. 


Fig. III. 57.  The  effect  of  the  Re  number  calculated  according  to  the 

diameter  of  the  basic  of  a  cone  on  the  geometry  of  flow  in  the  base 

region  (0  =  6°l8' ,  r/R  =  0.05,  M  =  9)  [  Levensteins  and  Krumins  (1967)3 

1 — laminar  flow,  x  /d,  cT  /d ;  2 — laminar  flow,  x  /d,  <f  /d;  3 — boun- 
s  s  n  n 

dary  layer  on  the  cone  is  turbulent. 


As  long  as  flow  is  laminar,  the  whole  base  region  decreases  in  size 

with  the  increasing  body  Reynolds  number,  but  the  size  of  the  base 

region  increases  when  the  boundary  layer  on  the  cone  is  turbulent. 

The  distance  between  the  recompression  shocks  at  their  origins  cT  /d 

decreases  with  increasing  Re^,  even  in  the  turbulent  base  flow  where 

other  three  distances  x  /d,  x  /d  and  a  /d  increase  with  Re,. 

n'  s'  n'  d 

Koch  (1967),  using  schlieian  photographs,  studied  the  wake  neck 

geometry  downstream  of  10°  half-angle  cone  of  1.75  in  a  base  diameter 

with  a  O.OO5  in.  nose  radius  at  the  average  free  stream  Mach  number 
4  6 

of  5.2,  3-8  x  10  •<  Re^  <■  4.65  x  10  ,  and  at  average  angle  of  attack 

less  than  2°.  The  velocity  was  selected  so  as  to  attain  hypersonic  con- 
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ditions  without  causing  the  bow  shock  to  lie  so  near  the  model  sur¬ 
face  that  boundary  layer  details  would  be  difficult  to  see  in  cchlieren 

picture. 


r'och  (196?)  found  that  wake-neck  geometry  was  effected  by  the 


Revnu  ’  ■>  numbers,  as  shown  in  Fig. Ill .  ^8. 
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Fig. III. 58.  Configuration  of  a  wake  behind  a  cone  as  a  function  of 
the  Re  number  of  an  unperturbed  flow  (cone  with  half-angle  10°,  M=5.2, 

0 — angle  of  contraction  f)Koch  (196?2.  Ref  1  - [Waldbusser,  E(  196^3 
"Geometry  of  the  Near  Wake  of  Pointed  and  Blunt  Cones"  General  Electie 
Fluid  Mechanics  Component  Data  Memo  It  19.  Ref  2  -  fWaldbusser  (19663 


As  seen  in  Fig.TII.58a  the  neck  location  is  considerably  moved  rear¬ 
ward  as  Reynolds  number  decreases,  but  Waldbusser  (1966)  did  not  in¬ 
dicate  such  a  movement.  The  normalized  neck  diameter  tends  to  remain 
constant  at  about  0.3  above  a  free  stream  Reynolds  number  of  one  mil¬ 
lion,  as  Fig. ITT  58  indicates.  The  wake-closure  angle,  measured  at 
the  midpoint  of  the  distance  between  the  body  base  and  the  neck,  is 
shown  in  Fig. ITT. 58c.  If  the  free  shear  layer  is  assumed  to  be  straight, 


28 


then  this  angle  can  be  calculated  from  the  measured  neck  diameter, 
and  its  location  using  the  following  equation: 

r=  u.-‘  [-a,/yu/i.] 

n' 

A  comparison  of  the  measured  and  calculated  values  indicates  that 
!  he  assumption  of  a  straight  shear  layer  is  a  reasonable  simplica- 
tion  for  the  tested  flight  conditions. 

3 .  Oscillation  in  a  Near  Wake  Boundary  Layer 

In  the  separation  zone,  and  base  downstream  of  a  body,  oscilla¬ 
tion  of  pressure  and  dynamic  pressure  occur,  causing  significant  dy¬ 
namic  load,  and  effecting  the  aerodynamic  characteristics.  For  a  roc¬ 
ket,  the  thrust  force  is  affected  by  base  pressure  change,  which  de¬ 
pends  on  many  factors,  such  as,  boundary  layer  separation  from  the 
body,  the  downstream  stagnation  zone,  the  jet  engine  exhaust  gas  and 
their  interaction  with  external  flow,  etc. 

V.W.Kuptsov,  Yu  D. Vinogradov  and  A .F.Kulyabin,  et  al,  studied 
base  pressure;  analyzing  the  possible  causes  and  characteristics  of 
oscillations . 

fince  the  problem  of  near  wake  flow  oscillation  is  complex,  it  is 
ad visa. 'He  to  investigate  separately  the  effects  of  different  factors 
on  the  base  pressure. 

The  free  viscous  layer  in  near  wake  is  formed  by  the  boundary 
layer  flow  on  the  upstream  body  surface. 

Associated  with  the  irregular  turbulent  motion  is  not  only  an  aero- 
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dynamic  noise,  but  also  a  fluctuating  pressure  field,  and  the  pressure 
on  the  material  surface  cAn  produce  a  significant  effect  if  flight  ve¬ 
hicles  operate  in  the  regimes  of  large  dynamic  pressure.  Random  forces 
may  cause  fatigue  failure  in  a  structure  as  well  as  undesirable  levels 
of  structural  vibrations. 

Hence,  the  following  investigations  of  Willmarth  and  Wooldridge 
(1962)  and  Kistler  and  Chen  (1963')  are  of  interest.  Willmarth  and  Woo¬ 
ldridge  (1962)  measured  mean  square  pressure,  the  power  spectrum  of  pre¬ 
ssure,  the  space- time  correlation  of  the  pressure  parallel  to  the  stream 
and  the  spatial  correlation  of  pressure  traverse  to  the  stream,  etc.  of 
the  turbulent  pressure  field  at  a  wall,  beneath  a  five-inche  thick  tur¬ 
bulent  boundary  layer,  produced  by  natural  transition  on  a  smooth  sur¬ 
face.  The  root-mean-square  (  rms)  wall  pressure  was  2.19  times  the  wall 
shear  stress  and  the  power  spectra  of  the  pressure  were  to  scale  with 
the  free  stream  speed  and  the  boundary  layer  displacement  thickness. 

The  space-time  correlation  measurements  parallel  to  the  stream  di¬ 
rection  exhibit  maxima,  at  certain  time  delays,  corresponding  to  the 
convection  of  the  pressure- producing  eddies  at  speeds  varying  from  0 .56 
to  0.83  times  the  stream  speed.  The  convection  speed  uc  may  be  defined 
as  the  quatient  of  the  transducer  separation  A  x  and  the  time  delay  at 
the  maximum  of  the  correlation.  The  lower  convection  speeds  are  mea¬ 
sured  at  small  spatial  separation  of  the  pressure  transducers,  or  when 
only  the  pressure  fluctuations  at  high  frequencies  are  correlated  and 
higher  convection  speeds  at  large  spatial  separation  of  the  pressure 
transducers,  and/or,  when  only  low  frequencies  are  correlated.  A  pre- 


ssure-producing  eddy  of  large  or  small  wave  length  \  decays  and  dis¬ 
appears  after  travelling  a  distance  of  about  6 A  . 

loth  the  transverse  and  the  longitudinal  scale  of  the  pressure 
fluctuations  were  of  the  order  of  the  boundary  layer  displacement  thick¬ 
ness,  and  the  transve-se  and  longitudinal  scales  of  noth  large-and 
r.nall-scale  wall  pressure  fluctuations  were  approximately  the  same. 

The  .-es-.. •  s  of  Kistler  and  Chen's  (1963)  measurements  of  the  pressure 
f ’  ■ ;  ■  tuaiions  ;y  a  turbulent  boundary  layer  on  a  solid  in  a  range  of 
K  -  -33  -  5-0  are  as  follows. 

i'h.e  major  effect  of  increasing  the  Mach  number  is  to  decrease 
the  length  scale  of  the  pressure  field,  and  the  integral  scale  of  the 
pressure  field  and  the  integral  scale  of  the  wall-pressure  fluctuations 
change,  from  16S&  of  the  boundary  layer  thickness  at  M  =  1.33,  1-°  0.06$ 
at  M  =  4.54.  The  root-mean  square  (  rms.)  values  of  the  pressure 
are  proportional  to  the  local  mean  shear  for  all  Mach  numbers,  and  the 
proportional! a.  constant  changes  from  about  3  for  subsonic  boundary 
layer  to  about  3  for  Mach  numbers  greater  than  2.  The  space-time  co- 
r "elation  with  space  separation  in  the  direction  of  the  mean  flow  are 
:..uMct.erized  by  a  convection  speed,  and  this  speed  falls  from  0.8,  if 
•  h»  :  *-ee  stream  velocity  at  M  =  1 . 33 »  to  0.6  at  M  =  5.  The  peak  value 
:  T.f'  correlation  coefficient  falls  to  one-half  for  a  spatial  separa- 
i. lun  of  vhe  measuring  points  of  two- tenth  of  boundary  layer  thickness. 

"A.fj  intensity  of  fluctuation  increases  in  the  transition  region 
l.vI  grows  significantly  in  the  flow  passing  over  protuberance  on  the 
e  and  forming  the  local  separation  zone.  For  supersonic  flow, 


strong  pressure  fluctuation  occurs  if  shock  wave  interacts  with  boun¬ 
dary  layer.  Because  the  pressure  fluctuation  in  the  boundary  layer 
effects  the  base  pressure  fluctuation,  it  is  necessary  to  investigate 
the  fluctuation  phenomena  on  the  body  surface  to  analyze  the  bare  pre¬ 
ssure  problem. 

S  chi  center  investigated  the  effects  of  pressure-gradi  ent 

on  turbment  boundary  layer  wall-pressure  fluctuations  in  a  low- tur¬ 
bulence  subsonic  wind  tunnel. 

Hy  examining  the  effects  of  mild  pressure-gradients,  both  adverse 
and  favorable,  on  the  turbulent  boundary  layer  pressure  fluctuations 
and  comparing  with  zero  pressure-gradient,  it  was  found  thati 

1)  The  most  stricking  differences  are  the  change  in  convection  velo¬ 
cities  due  to  a  distortion  of  the  mean  velocity  profiles  which  are 
caused  by  the  imposed  pressure-gradients.  Convection  velocity  ra¬ 
tios  u^/u  were  higher  in  the  favorable  pressure-gradient  and 
lower  in  the  adverse  pressure-gradient,  when  compared  to  zero  pre¬ 
ssure-gradient  . 

2)  Convection  velocity  increases  wit:,  longitudinal  separation,  and 
decreases  with  the  increasing  frequency  for  adverse  and  favorable 
pressure-gradients  as  well  as  the  zero  pressure-gradient. 

3)  boss  of  coherence,  or  decay  of  a  particular  frequency  component 
along  the  longitudinal  direction,  was  faster  in  the  adverse  case 
compared  to  zero  pressure-gradient.  The  decay  rate  is  slower  in 
the  favorable  pressure-gradient. 
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4)  Lateral  decay  of  a  particular  frequency  component  is  not  affected 
by  pressure-gradient. 

5)  ^oot-mean-square  pressure-fluctuation  levels  for  broad  frequency 
bands  are  larger  in  the  adverse  pressure-gradient  and  less  in  fa¬ 
vorable  compared  to  zero  pressure-gradient. 

6)  The  spectral  density  is  altered  reflecting  the  changes  in  longi¬ 
tudinal  turbulent  intensity  with  distance  from  the  wall  affected 
by  the  pressure  distribution.  When  non-dimensionalized  by  <f  *  , 
the  adverse  pressure-gradient  spectrum  is  higher  at  lower  non- 
diminsional  frequencies  than  the  zero  pressure-gradient  spectrum. 
Blyndze  and  Dokuchayev  (1969)  measured  the  spectra  of  pressure 
fluctuation  in  non-self-similar  boundary  layer  of  negative  mean 
pressure-gradient  showing  that  a  non-dimensional  spectral  density 
is  smaller  the  larger  is  the  absolute  value  of  the  mean  pressure- 
gradient,  and  this  tendency  prevails  mainly  at  high  frequencies. 
Downstream  of  fully  developed  turbulent  boundary  layer  of  zero 
pressure-gradient,  redistribution  of  the  energy  of  the  pulsation 
motion  occurs  between  the  small-scale  and  large-scale  components. 

Smolyakov  and  Tkachenko  ( 1 969 )  studied  the  streamwise,  transverse 

and  diagonal  spectra  and  phase  velocities  of  turbulent  pressure  pulsa- 

0 

tions  at  zero  mean  pressure-gradient  on  the  wall  at  Re  =  0.35“1«1*10  . 

The  fluctuations  in  a  thick  boundary  layer  of  natural  transition 

from  laminar  to  turbulent  flow  investigated  by  Kistler  and  Chen  (1963) 


are  shown  in  Fig. III. 59  ,  and  space-time  correlation  in  Fig. III. 60. 


Fig. III. 59.  Fluctuation  in  a  thick 
boundary  layer:  [  Kistler  and  Chen 
(1963)J 

1—  — M  =  2.6,  Re  =  1.51*10  ; 

2 —  M  =  3-5,  Re  =  1 . 55 • 104; 

3 —  M  =  3.99,  Re  =  1.&5-104; 

4 —  M  =  4.54,  Re  =  1.4?-104; 

5—  M  =  1,  Re  =  0.045  X  104. 


•5  ti  *,>1S 


Fig. III. 60.  Graph  of  space-time  cor¬ 
relation. 

[Kistler  and  Chen  ( 1963)3 


In  Fig. III. 59  it  i3  seen 
that  C02(f)u ao/cf  is  pro¬ 
portional  to  the  distribu¬ 
tion  of  oscillation  energy 
i:.  a  function  of  the  fre¬ 
quency,  fcf/uoo  where  w  = 

2 /lx  frequency,  S  is  geome¬ 
trical  boundary  layer  thick¬ 
ness,  and  f  is  measured  fre¬ 
quency  and  in  Fig.III.60,t 
is  time  and  R(t)  is  the  cor¬ 
relation. 

Fiszdon  and  Mello-Christensen 
(I960)  and  Trilling  (1958) 
studied  the  oscillation  in 
the  interaction  zone  of  shock 
wave  with  boundary  layer. 


Oscillations  of  a  shock  wave  were  forced  and  induced  by  a  special 
device  with  a  prescribed  frequency.  Such  an  experiment  made  it  posible 
to  model  and  study  more  precisely  the  oscillation  parameters  in  the  se¬ 
paration  zone  caused  by  oscillation  of  the  incident  shock. 


Kistler  (1964)  measured  the  pressure  fluctuations  under  a  turbu- 


Lent,  separated  region  upstream  of  a  forward- facing  step  at  Mach 
numbers  of  3-01  and  4.54,  finding  that  these  pressures  are  consider¬ 
ably  larger  than  the  pressures  produced  by  an  attached  boundary  layer. 


Fig. III. 6l.  Fluctuation  of  pressure 
in  front  «,!’  a  step  (M  =  3-°l.  u/<f  = 
16,000  l/s,w^(f)  —  is  a  qualitative 

evaluation  of  distribution  of  energy 
of  fluctuation  according  to  irequency) 
iKistler  (1964)] 

1 —  Boundary  layer; 

2— -x/H  -  0.8; 

3 —  x/H  -  3- 


ry  the  value  of  p'*",  where  p’  is 


I t  was  shown  that  pressure  fluc¬ 
tuations  originate  from  two  dis¬ 
tinct  causes;  fluctuations  due 
to  ’turbulent  free  shear  layer. 

Kistler  (1964)  measured  the 
spectra  in  the  M  =  3-01  separated 
flow  at  x  =  1.53  and  6.06  in.  and 
also  upstream  of  the  separation 
as  shown  in  Fig. III. 61  .  In  this 
figure  in  order  to  make  the  rela¬ 
tive  shapes  more  apparent,  the  or¬ 
dinate  is  constructed  so  that  the 
areas  under  the  spectra  are  equal. 
The  actual  power  spectra  of  the 
pressure  can  be  obtained  through 
normalization  and  multiplication 
pressure  level  corresponding  to  the 


particular  location. 

rt  is  apparent  from  these  spectral  shapes  that  there  is  more  en- 
»rgy  at,  the  low  frequencies  in  the  separated  region  than  in  the  attached 
:  oundary  Laver.  The  various  spectra  are  not  similar  (affinely  related). 
No  spectra  were  obtained  near  the  separation  point  because  due  to  the 
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large  fluctuations  in  the  spectra  at  these  low  frequencies  etc.  and 
thus,  it  was  difficult  to  obtain  the  quantitative  measurements. 

Kistler  and  Chen  ( 1 963)  found  that  at  M  =  5  the  convection  velo¬ 
city  of  the  attached  boundary  layer  is  0.6  of  the  free  stream  velocity. 
The  remarkable  result  noted  by  Kistler  (1964)  is  that  the  convection 
speed  for  the  separated  flow,  which  can  be  roughly  described  as  the 
sneed  of  c.l.a  turbulent  eddies  most  efficacious  in  producing  the  wall 
pressure,  Is  in  the  direction  of  the  externar  stream. 

Vehicles  involving  flow  separation  at  supersonic  speed  are  effected 
by  the  large,  time-dependent  forces,  and  these  forces  are  resolved  into 
two  components,  a  low  frequency  buffeting  caused  by  changes  in  the  geo¬ 
metry  of  the  separated  region,  and  wide- band  fluctuations  orginating 
in  the  free  shear  layer  of  the  separated  region.  The  magnitude  of  lo¬ 
ading  preduced  by  each  component  can  be  estimated  by  Kistler' s  (1964) 
analvsis.  The  magnitide  of  the  component  of  these  forces  may  be  mini¬ 
mized  if  the  location  of  the  separation  line  is  fixed  by  tripping  the 
small  ramp  so  that  the  high  pressure  region  has  a  fixed  area  and  does 
not  contribute  an  additional  fluctuating  force. 

The  fluctuating  pressure  occurring  within  the  separated  region  are  due 
to  the  combined  action  of  the  turbulent  shear- layer  and  the  recircula¬ 
ting  flow,  and  therefore  it  appears  that  no  method  exists  to  drasti¬ 
cally  modify  the  fluctuation  levels  other  than  by  avoiding  the  sepa¬ 
ration  itself. 

A  high  f-equency  of  oscillation  is  recorded  in  the  stagnation  zone 
where  probably  the  main  source  of  oscillation  is  turbulent  pulsation 
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in  the  stagnation  zone  boundary.  The  volume  of  fluid  in  the  stagna 
tion  zone  acts  as  "buffer"  cushion,  convecting  and  partially  damping 
the  oscillation  parameters. 

Measured  data  of  pressure  fluctuation  of  the  turbulent  flow  on  the 
wall  by  flight  tests  carried  out  by  Speaker  and  Ailman  (1966),  Will- 
marth  and  Roos  (1965),  and  by  Bull  (1963)  and  Kistler  (1964)  are  shown 
in  Fig. III. 62. 


Fig. III. 62.  Data  measurement  of  fluctuation  of  pressure 
on  the  wall  with  a  turbulent  boundary  layer:  [  Shvets  and 
Shvets  (1976)] 

l~[Kistler  (l964)J  ;  2-- [Speaker  and  Ailman  (1966)]  ; 

3 — f Willmarth  and  Ross  (1965)3  ;  4— -[Bull  (1963)J. 


_ r  C.i 

As  the  Mach  number  increases,  u'  /o  -value  decreases,  and  this  re- 

OO 

lationship  can  be  approximated  by 

u‘Aoo  =  3.25-10  +  1$  +  (  M  -  4  )  J. 

Speaker  and  Ailman  (1966)  investigated  the  pressure  fluctuation  on 
the  wall  downstream  of  protuberances  at  conditions  of  H//  =  0.92-2.2 
(where  H  is  height  of  the  protuberance  and  cT  is  boundary  layer 
thickness)  and  M  =  1.4  and  3.5,  The  mean  quadratic  value  of  fluctua¬ 
tion,  directly  downstream  of  the  protuberance,  was  close  to  the  value 
of  turbulent  boundary  layer  upstream  of  the  protuberance. Fig. Ill .63 
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shows  fluctuations  downstream  of  projection  of  H/ cT  =  0.2-0. 5* 
exposed  to  an  incompressible  flow  and  downstream  of  protuberances. 
With  the  increase  of  the  downstream  distance  from  the  protuberance, 
fluctuations  increase,  reaching  a  maximum  value  close  to  the  reatta¬ 
chment  point  and  then  slowly  decrease.  The  ratio  of  fluctuations  at 
the  reattachment  point,  to  that  upstream  of  the  protuberance,  can  be 
evaluated  by  the  following  equation, 


_ os 

. 

max 
—  c-S 
^boundary 
layer 


Fricke  and  Stevenson  (1968)  experimentally  investigated  the  pressure 
fluctuations  in  a  separated  flow  behind  a  thin  fence,  identifying 
the  noise  source  with  the  flow.  The  similar  relations  of  Bound  le¬ 
vels  to  frequencies  and  free  stream  velocities  Bet  up  in  the  near 
field  of  a  jet,  or  a  conventional  boundary  layer,  give  reasonably  ac 
curate  predictions  of  sound  levels  behind  the  fences.  It  was  fur¬ 
ther  found  that  the  frequency  spectra  alter  considerably  with  dis¬ 
tance  behind  the  fence,  and  that  the  maximum  6ound  level  behind  a 
fence  is  about  eight  times  that  in  a  turbulent  boundary  layer  with 
the  same  free  stream  dynamic  head. 


Yefimtsov  and  Karaushev  ^1970)  and  Yefimtsov  and  Shubin  (197*0  mea¬ 
sured  non-dimensional  spectral  density  pulsation  on  the  fuselage  sur 
face  in  a  range  of  0.56  N  ^1.6. 


•&  9p  Jfo 

■ 

_J _ I _ _ 

»'J  to-'  Sh 


Fig. ITT. 63.  Distribution  of  fluctuations 
benind  projectioi.o  and  protuberances  ; 

1 —  M  =  1.14  (Speaker  and  Ailman  (1966)]  ; 

2 —  M  =  0  ((Greshilov  et  al  (19^9))  i 

3 —  unperturbed  boundary  area,  K  =  1.4 
(Speaker  and  Ailman  (1966)]  j 

4 —  M  ~  0  (Fricke  and  Stevenson  (1968)]  . 


Fig. III. 64.  Dimensionless 
spectra  of  fluctuations  of 
pressure  near  the  walls  in 
a  turbulent  boundary  layer 

(c  =  10  log  )-Sh  = 

q 

fi*/u  [Y  ef imtosov  and  Ka- 
raushev  (1970)(J  . 


From  Fig. III. 64,  it  is  apparent  that  a  universal  curve  of  C  =  10  log 
with  respect  to  Sh  =  f  £ */u»  may  be  drawn  in  the  range  of 
Sh  >  0.3' 10-2  ,  which  corresponds  to  the  range  of  0.9  ^  H  i  2  of  flight 
measurement  by  Belcher  (1965). 

_2 

In  the  range  of  Sh  =£  0.3'10  of  supersonic  flight  regime,  the  scat¬ 
tering  of  the  experimental  data  due  to  low-frequency  pressure  fluctua¬ 
tion  increases,  but  it  appears  that  the  following  equation  may  approxi¬ 
mate  the  experimenta  data. 

w2(f)  Uoo/q2<f  *  =  A  [l  +  (f/fo)2)"1 

where  fo  is  the  frequency  at  which  spectral  density  drops  by  3  db, 
fo  ^  0.2  uK/((  *  and  A  =  10"^  . 


7(f)  u 
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CHAPTER  IV 


SYMBOLS 
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wake  width 

enthalpy  on  the  wake  axis 
coefficient  of  proportionality 
area  of  aperture  in  the  perforation 
penetrability  of  perforation 
volume 

fluctuating  velocity  component  in  x-direction 
fluctuating  velocity  component  in  y-direction 
angle  measured  from  the  forward  stagnation  point 
momentum  thickness  or  wedge  angle 
width  of  mixing  layer 


subscript 

cp  mean  for  laminar  flow  in  the  body  surface  and  in 

the  near  wake 
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CHAPTER  IV 


Base  Flow  and  Wake 


Much  attention  has  been  paid  in  the  USSR  to  the  problems  of  steady 
and  unsteady  base  flow,  downstream  of  two-dimensional,  axisymmetric  con¬ 
figurations  at  various  ranges  of  speed. 

At  first,  the  problems  of  steady  base  pressure  are  presented  refer-  • 
ring  to  Shvets'  book,  Gas  Dynamics  of  Near  Wake.  Then,  the  unsteady  base 
pressure  investigations  are  described  with  reference  to  Shvets'  article, 
"Base  Flow”  ,  Prog.  Aerospace  Sci.,  vol.  18,  Pergamon  Press,  1978. 

1 .  Steady  Base  Flow 

The  positions  of  flow  separation  on  smoothly  curved  configurations 
at  various  Mach  numbers  are  not  known  a  priori .  Thus,  Shvets  (1970)  set 
up  a  simplified  computational  method,  to  determine  the  position  of  flow 
separation. 

Assuming  a  certain  point  where  the  tangent  to  a  smooth  configura¬ 
tion  surface  becomes  parallel  to  the  free-stream  direction,  pressure  at 
the  position  is  equal  to  the  pressure  of  the  undisturbed  free  stream. 

Then,  determine  the  pressure  distribution  on  the  trailing  section  of 
the  surface  by  the  expansion  wave  equation.  The  point  of  the  separa¬ 
tion  is  determined  at  a  point  where  the  computed  pressure  becomes  equal 
to  the  base  pressure,  considering  that  pressure  downstream  of  the  sepa¬ 
ration  is  equal  to  the  base  pressure.  For  example,  on  a  cylinder  with 
surface  pressure  at  {  =  90°,  measured  from  the  forward  stagnation  point, 


is  approximate  to  that  of  an  undisturbed  free-stream.  Then,  by  using 
the  method  of  Fanov  and  Shvets  (1966)  for  evaluation  of  1  -  f( the 

point  of  separation  is  determined  at  ~  ll^0.  in  a  good  agreement 
with  experimental  data. 


1  . 1  '^se  Pressure  at  Supersonic  Speeds 

Shvets  (1972)  conducted  experimental  investigations  of  base  : low, 
cov.-nstream  of  a  cv Under  and  a  wedge  o’  /arious  naif  angles,  and  dif- 
•'■rentiated  the  lase  flow  phenomena  of  a  cylinder  from  those  of  a  wedge, 
"fa  cylinder  is  placed  in  a  supersonic  flow  stream  and  the  Ma ch 
number  is  increased,  then  the  base  pressure  decreases,  and  at  M  a:0.5, 
a  local  supersonic  zone  is  formed  on  the  cylinder  surface.  At  a  point 
located  at  'f  ~  80°,  the  pressure  first  decreases,  and  then  increases 
to  equal  the  value  of  the  base  section  of  the  cylinder. 

If  a  cylinder  is  placed  in  a  supersonic  free-stream,  the  base  pres¬ 
sure  becomes  small,  as  evidenced  in  Fig. IV, lb  for  M  =  3-  Flow  over 
the  surface  expands;  thus,  pressure  becomes  low,  as  shown  in  the  first 
pressure  minimum  in  Fig.T7.1b.  The  subsequent  pressure  increase,  ^om 
over-expansion  to  base  pressure,  causing  the  boundary  layer  seperation, 
located  at  'f  -  115  •  By  Topler  photograph,  the  pressure  minimum 
point  is  determined  at  'f  ~  115°.  A  second  minimum  of  pressure  at 
'f  -  145  -  155°  is  due  to  the  circulatory  flow  directed  to  this  zone 
along  the  surface  of  a  cylinder,  originating  at  'f  ~  180°. 

F'or  the  wedge  of  0=15°,  the  measured  pressure  distribution 
along  the  base  section  at  M  =  3  shows  that  pressure  is  maintained  al¬ 
most  constant,  equaling  p/p^  =  0.027.  But  with  increase  of  Re,  the 
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' 7 .  ’  i  Distribution  of  pressure  on  the  surface  of  a  .'•■liner  ■ 

I, dashed  line  corresponds  to  calculations  of  the  separation  point 
[Shvets  and  Shvets  (1976)J. 

I—  r:  =  0.3?;  2 — K  *  0.44;  3~M  =  0.S4;  4 — V  =  C.t'p;  r — t-’  =  C.  1 

* — V.  =  0.73;  7— r:  =  r.0;  8— M  =  3.65  9— calculation,  "  -  ' 

10 — calculation,  H  =  3  f  Vas,  Murman,  and  Bogdonoff  ; 

II—  K  =  S!\  Be  =  1.'  •  tO*  f  Dewey  ( 1 96 c )  “}  ;  12—  K  =  '.  •,  He  =  “-1 

£  Dewey  ( 196 5)  J  . 


laminar  hase  pressure  decreases,  whereas  the  base  pressure  downstream 
of  a  cylinder  increases  slightly,  if  Re  increases.  Tf  it  is  assumed 
that  the  pressure  on  tne  body  surface  exposed  to  the  separation  region 
is  constant  ar.d  equal  to  the  pressure  of  the  external  boundary  of  the 
mixing  layer,  then  it  becomes  apparent  that  as  the  Reynolds  number  de¬ 
creases,  the  dimension  of  the  separation  zone  decreases,  shifting  the 
separation  point  toward  the  trailing  edge  of  the  configuration. 

The  measured  total  pressure,  downstream  of  the  wedge  and  the  cylin 
der,  indicating  the  position  of  separation  shock,  the  external  boundary 
of  a  tree,  viscous  layer  and  trailing  edge  shock,  are  shown  in  Fig. IV. 2 
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Fig. TV. 2.  The  fields  of  total  pres¬ 
sures  behind  a  wedge  (a)  ana  a  cylin¬ 
der  (b)  (M  =  3):  [Shvets  (1978)'"] 

1,  2,  5.  6,  7,  10— optical  measure¬ 
ments;  3.  8 — visualization  on  a  plate; 
4,  9 — measurements  of  pressure,  =  0; 

1,  6— boundary  discontinuity;  2,  3.  7, 

8 — boundary  of  a  free  viscous  layer,  3, 
8— trailing-edge  discontinuity. 
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X/d  ,  X/H 

For  the  wedge,  the  largest  pressure-gradient  occurs  close  to  its  edge, 
and  the  maximum  pressure  area  corresponding  to  P rand tl -Meyer  expansion, 
is  located  further  apart  from  the  wake  axis.  Starting  from  the  neck 
on  the  external  section  of  boundary-layer  pressure  increases,  due  to 
compression  in  the  trailing  shock  and  after  compression  the  boundary' 
layer  thickens  considerably,  forms  the  vortex  layer,  and  makes  up  the 
basic  part  of  the  near  wake. 

Downstream  of  the  cylinder,  the  area  between  the  separation  shock 
and  mixing  layer,  is  an  inviscid  flow-field  extending  to  the  trailing- 
edge  shock.  The  location  of  this  area  corresponds  to  constant  P^./pt 
on  the  pressure  curve.  Ahead  of  separation-shock  in  the  non-viscous 
flow,  the  most  important  pressure-gradient  can  be  found  not  far  from 
the  cylinder,  where  due  to  the  curvature  of  the  bow  shock  wave,  the 
flow  is  highly  rotational. 

Shvets  (1972)  differentiated  the  base  flow  of  a  cylinder  from  that 
of  a  wedge,  using  Fig, IV. 3  and  Fig, IV. 4.  Fig,IV.3  to  show  an  expansion 
wave,  mixing  layer  and  wake  neck.  It  is  clearly  seen  that  the  separa¬ 


tion  point  is  located  on  the  rear  surface  of  the  wedge,  downward  about 


0.1  H/2  from  the  comer  tip,  where 
the  strong  pressure-gradient  from 
the  base  to  wedge  pressure  prevails, 
indicated  by  the  large  density-gra- 


Fig .TV, 3:  A  photograph  of  flow 
behind  a  wedge  (8  =  !S°»  M  =  3)s 
C  Shvets  and  Shvets  (’976)  3 
1 — expansion  waves;  2—mixing 
layer;  3 — wake  neck. 


dient  in  the  photograph.  Wake  neck 
is  located  at  a  distance  —  1.7H  from 
the  base  section  and  its  width  is  0.4H 


Fig. IV, 4:  Photograph  of  flow 
behind  a  cylinder  (M  =  3): 
[Shvets  and  Shvets  (1976)3 
1 — boundary  discontinuity; 

7 — mixing  layer;  3 — neck 
of  the  wake. 


and  the  angle  between  the  trailing- 
edge  shock  and  symmetry-axis  is  14°. 
Shvets  (1971)  found  that,  compared  to 
the  cone  wake,  the  wedge  wake  boundary, 
downstream  of  the  neck,  expands  more 
slowly. 

For  the  cylinder,  as  shown  in 
Fig.JV,^  the  width  of  wake  neck  is 
~ 0.2.5d,  located  at  a  distance  •*-  0.9d 
from  the  base  section.  The  trailing- 
edge  shock  originates  in  the  proximity 
of  the  neck,  and  the  angle  between 


this  shock  and  symmetry  axis  is  19  • 

3y  comparing  Fig.IV.3  and  Fig. IV, 4  the  following  significant  dif¬ 
ferences  between  the  wakes  of  a  cylinder  and  a  wedge  are  noted.  For  a 
cylinder,  the  neck  is  narrower  and  located  closer  to  the  base,  as  com¬ 
pared  to  a  wedge,  and  the  separation  Bhock  is  straight  and  the  trailing- 
edge  shock  is  strong  and  much  more  inclined,  as  compared  to  wedge.  For 


a  cylinder,  the  stream  lines  downstream  of  expansion  axe  approximately 
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parallel,  and  a  free  viscous  layer  conserves  the  boundary  layer  struc¬ 
ture.  On  the  other  hand,  a  wedge  involves  expansion,  and  so  divergent 
rotational  flovi  is  formed,  and  leads  to  the  destruction  of  the  boun¬ 
dary-layer  structure  inside  the  free,  viscous  layer. 

fase  flow  downstream  of  cones  has  been  investigated  experimentally. 
?ig.T.',r-,  shows  the  measured,  base  pressure  data  of  cone  models  with 
turbulent  flows  at  their  trailing  edges  at  K  =  3,  with  a  slight  blun¬ 
ting  of  the  nose,  p  p ^  decreases  slightly,  whereas,  with  a  strong 
blunting,  base  pressure  increases. 

The  value  of  p^p^o  decreases  with 
the  increase  of  the  Mach  number  ap- 


’’ig.rV.p:  Dependence  of  a  base 
pressure  for  models  of  cones: 

[ Shvets  and  Shvets  (1976)7 
1  -''one  on  lateral  pylong,  0  = 

'0°,  !;/d  =  0.07  (H- thickness  of 
the  pylon);  ?-Cone  on  stranded 
wires,  0  =  TO0,  d'/d  =  0.0?  (d’- 
d ianeter  of  the  stranded  wire); 

3- tone  on  a  base  holder,  0  =  10°, 
i’/d  =  0.?r;  (d1-  diameter  of  the 
holder);  4-Calculation  £  Isayev  & 
Shvets  (1970)]  ,  ''one  0  =  10°; 
^-Calculation ,  wedge  9  =  10°;  6- 
[Cassanto,  Rasmussen  h  Coats 
(iQ69)  ]  ;  3-Calculation  (see 
.‘hapter  2  ^Stepanov  and  Go.gish 

(1973)] 


proaching  a  certain  value.  But  with 
an  increase  of  velocity  at  hypersonic 
speed  range,  the  base  pressure  in¬ 
creases  as  Bondarev  and  Yudelovich 
(i960)  and  Cassanto,  et.al.  (1969) 
indicated  in  their  wind  tunnel  and 
flight  tests.  Stepanov  and  Gogish 
(1973)  predicted  the  lower  value  of 
the  base  pressure  compared  to  that 
in  Fig.IV.5t  but  if  the  thickness  of 
the  initial  boundary  layer  is  taken 
into  account  in  the  calculations, 
then  the  value  of  the  base  pressure 
becomes  larger  and  better,  correla¬ 
ting  with  the  experimental  data. 
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Grodzovskiy ,  et.al.  (1972)  investigated  experimentally  the  base  drag 
of  an  axisymme trie-perforated  nozzle  in  the  range  of  M  <  9-. 9- 

The  flow  characteristics  depend  on  the  penetrability  of  perforation  S 
defined  as  5  =  S/(yt  d  /4),  where  S  is  the  area  of  aperture  in  the  perfo¬ 
ration  and  d  is  the  diameter  of  the  midsection  of  the  nozzle.  If  S«  1, 
ar.  ordinarv  type  of  near  wake  occurs  on  the  trailing  edge  of  the  nozzle, 
but  with  an  increase  of  t,  the  base  pressure  increases.  If  Sc:  1,  then 
‘no  flow  passing  through  the  perforation  remains  supersonic  within  the 
nozzle  and  with  the  decrease  cf  S,  the  total  pressure  loss  as  well  as 
the  base  pressure  increases.  A  maximum  decrease  in  the  base  drag  is 
achieved  with  Sq  0.0S  and  the  best  effect  of  perforation  is  expected 
in  the  range  of  1.75*  M  3-0. 

A  flow  control  technique  for  a  body  of  revolution  with  a 
blunt  after  section,  utilizes  the  interaction  of  the  stream  normal 

to  lateral  surface  of  the  body  with  base  flow. 

If  the  external  flow  Mach  number  exceeds  1.9,  then 

such  lateral  flow  decreases  the  base  pressure  with  the  increase  of  the 
Mach  number  as  Zhdanov  and  Bom  (1974)  found.  The  extent  of  this  low  pres¬ 
sure  zone  reaches  J-k  radii  of  the  body  and  the  maximum  base  pressure  de¬ 
creases  in  an  amount  of  25-30^  of  the  value  with  no  lateral  flow  at  2.9. 

! . 2  3ase  Pressure  at  Hypersonic  Speeds 

Shvets  and  Shvets  (1976)  in  their  book,  presented  hypersonic  wake 
problems,  mostly  referring  to  the  Western  references. 

The  flight  test  of  a  wake  downstream  of  blunt  cones  at  hypersonic 


speed  by  Wilson  (197?)  indicated  that  two  distinct  wakes  develop,  as 


1 


seen  in  Fig. IV. 6.  One  is  a  viscous 
wake  which  forms  as  a  result  of  heating 
the  air  caused  bv  viscous  friction  on 


2  the  body  surface,  and  the  other,  is  an 

Fig. TV. 6;  Diagram  of  flow  past  inviscid  wake  which  forms  as  a  result 
a  blunt  cone  miving  at  hyper¬ 
sonic  velocitv  E'Vilson  (1967)]  of  heating  the  air  during  the  passage 

1 — Viscous  wake;  ? — Boundar1  _  ,,  ,  ,  ,  ~  , 

e  ..  .  •  of  the  bar  shock  wave.  ihe  viscous  wake 

of  the  inviscid  wake;  3 — Field 

of  separation  of  the  inviscid  ,  .  ,  _  .  „ 

,  •  develops  onlv  from  one  part  of  the  bour.- 

wake .  -  1 


da1"-’  lavpr  located  close  to  the  tod'. 


surface  and  an  inviscid  wake  forms  the 


other  part  of  the  boundary  layer. 

'.‘he  friction  between  the  recirculation  area  and  the  separation 
stream  line  causes  the  recirculatory  ^low.  The  flow  model  may  be  con¬ 
ceived  as  follows.  The  external  flow  is  such  that  the  boundary  layer 
on  the  body  develops  as  inviscid  up  to  the  pressure  level  equal  tc  the 
Vase  pressure  and  rotational  flow  develops  along  the  separation  stream 
1 in*' .  Then,  in  this  vortex  flow  a  new  viscous  layer  or  thickness  <f 
develops  whose  magnitude  can  be  approximated  using  the  formula  roi~  the 
boundary  layer  on  u  plate. 

'.be  hvpersonic  wake  has  basic  peculiar  characteristics  effecting 
‘ase  pressure  compared  to  that  of  the  supersonic  one. 


"  •  3  '■vnolds  Number  effect 

'■'our  regimes  of  the  base  pressure  may  be  classified  in  a  function 
of  a  Reynolds  number  as  Lees  (1964)  found  and  is  shown  in  Fig. TV, 7  and 
tv.  a *■  small  He.  based  on  the  length  of  the  model,  the  boundary  layer 

Li 


on  the  body  is  laminar  and  with  an  increase  of  Re^,  the  intensity  of 
laminar  mixing  decreases  and  the  base  pressure  increases  slowly.  With 
the  increase  of  Re^,  the  transition  point  moves  toward  the  edge  in¬ 
creasing  the  local  mixing  significantly.  Having  reached  a  maximum  value, 
the  base  pressure  decreases  sharply.  If  Re^  grows  fairly  large,  then 
the  transition  point  shifts  toward  the  trailing  edge  of  the  body  and  with 


a  further  increase  in  Re^»  the  mixing 
intensity  changes  insignificantly,  but 
the  thickness  of  the  boundary  layer  in¬ 
creases.  Therefore,  the  base  pressure 
increases  at  first,  reaching  a  certain 


Fig. IV.  7*.  Dependence  of  the 
base  pressure  on  the  Re  num¬ 
ber  £  Crocco  and  Lees  ( 1952) J 
1 — Laminar  wake;  2 — Point  of 
transition  shifts  along  the 
wake. 


maximum.  Then,  it  begins  to  decrease. 
If  Re^  is  very  large,  the  transition 
point  is  practically  stable;  and,  with 
a  subsequent  increase  of  Re^,  the  base 


Fig. IV. 8:  Dependence  of  base 
pressure  on  the  Re  number 
C Crocco  and  Lees  (1952) J 
1 — Boundary  layer  on  a  lami¬ 
nar  body,  transition  point 
in  the  wake;  2 — Turbulent  wake, 
transition  point  in  the  bound¬ 
ary  layer;  3 — Turbulent  regime. 


pressure  decreases  because  of  a  de¬ 
crease  of  the  boundary  layer  thickness 
on  the  trailing  edge. 

The  base  pressure  at  hypersonic 
speed  for  various  bluntness  of  the  body 
is  given  in  a  good  correlation  with  one 
of  the  important  parameters,  the  Mach 
number,  on  the  trailing  edge  as  shown 
in  Fig. IV. 9  by  Cassanto,  et.al.  (1969) 
and  Cassanto  (1965).  The  test  results 


315 


Fig. TV. 9:  Base  pressure  in  a 
turbulent  flow  C  Cassanto, 
Rasmussen,  and  Coats  (1969)] 
(curve — dependence  [ Cassanto , 
1965]  ) 

1—  r/R  =  0;  r/H  =  0.3; 

3 — r/R  =  0.6 


for  a  series  of  cones  (©  =  10-90  ) 

in  a  helium  tube  at  M  =  10-26,  Re  = 

0.16  -  4-10^  are  given  by  Artonkin 

(19?")  as  a  linear  equation; 

(pb)  / P  =  -0.09  +  ?.h?  M*/  /ite 

cp 

vihere  subscript  cp  refers  to  mean 
foi  the  laminar  flow  in  the  body  sur- 
faee  and  in  the  naar  wake. 


1 . 4  Effect  of  Body  Shape 

Lockman  ( 196?)  measured  the  base  pressure  downstream  of  sharp  and 
blunt  cones  in  a  shock  tube  at  M  =  14.  As  seen  in  Fig. TV. 10,  the  base 
pressure  of  a  cone  of  a  half-angle  1 5°  is  higher  than  that  of  10°  and 


the  base  pressure  increases  with  the  increase  of  blunting. 


The  measured  base  pressure  magnitude 
was  almost  equal  to  the  static  pres¬ 
sure  of  an  undisturbed  rlow  p_  ,  but 
it  is  larger  than  the  hase  pressure 
computed  ror  a  sharp  cone,  based  upon 
the  thin  boundary  layer.  The  effect 


of  a  base  surface  shape  on  the  base 

pressure  is  measured  by  Cassanto, 

Schiff  and  Softley  (1969 )  as  seen  in 

0  O.r,  1'.  -  14)  f  Lockman  ( 1967)]  Fig. TV. 11.  With  the  dome  shaped  base 
1—  calculation,  0  =  19  (sec 

surface,  the  base  pressure  is  decreased 
about  compared  to  the  plane  base 


Fig..  TV.  10:  The  e~'~ect  of  half 
angle  and  the  degree  of 
blunting  of  the  cone  on  base 
pressure  (with  cone  with 
radius  of  luse  1.9  cm,  r/R= 

0- 


chapter  IT  C  Van,  Murman  and 
Bor.donoff  (196r>)]  ;  2 — calcu- 
0°  (see  c 


lation,  0  =  10° 


j hap ter 


IT  [Vas,  Murman,  and  Bogdonoff 

(1969)  1  ;  3—0  =  15°;  4—  e  =io° 


0  04 


'..'l:  "he  v 'ct  o:'  the 


•.  .  a-.ie  r resell re  b  r..- -radius 


C'i.r.d r  01  ?:,c*  are  o' 


[  •  -f>a:ito, 
V  V^voo)  J 


ar ;'ected  by  the  flow  separation 
phenomenon.  With  the  flat  base, 
the  'low  separates  in  the  neighbor¬ 
hood  of'  the  tip  whore  the  body  sur- 


ice  and  base  surface  are  joined. 


it  "or  the  rounded  base  ai-  ‘ace 


the  point  of  seperatiori  is  shifted 


downs  bream  because  the  ‘‘low  remains 


attached  up  to  a  certain  distance, 


downstream  of  the  joint  of  both  sur- 
aees.  .'tie  local  Mach  number  increases  with  the  increase  of  a  low 
ngle  of  rending  at  the  separation  point.  Thus,  on  the  models  with  ; 
■ourdcd  base,  the  pressure  becomes  lower  compared  to  a  flat  base. 


. r'  Radial  Gradient  o*'  3ase  Fressure 


lassanto  (1967),  measured  by  a  ‘'light  test,  the  laminar  sase  pres¬ 
sure  downstream  o‘"  10°  cone  at  ft  =  10  along  the  axisymmetric  line  and 
at  points  oi'  O.w-6  ?.  :  rom  this  center,  so  that  the  radial  gradient  of 
the  hase  pressure  may  be  assessed. 

f'"on  TV.11,  it  is  seen  that  at  Re^  <  10^,  and  the  base  pressure 
along  the  center  line  is  twice  the  base  pressure  at  0.66  R,  but  with 
the  increase,  the  magnitudes  of  the  ta.se  pressure  as  well  as  the  dif¬ 
ference  of  the  two  base  pressures  decrease. 

Artonkin  (197?)  found  that  the  pressure  distribution  along  the 
lase  surface  downstream  of  cones  at  ft  =  10-?6,  Re  =  0.16  -  4x10^  is 


approximately  parabolic  and  its  value  at  the  center  line  is  about  three 


times  larger  than  it  is  at  the  edge.  The  empirical  formula  for  this 
base  pressure  distribution  is 

pt/(pb)cp  =  1,34  "  °-38  (r/R)3 
where  cp  refers  to  mean. 

1 . 6  Effect  of  the  Angle  of  Attack 

Wintflj 

Wu  and  (1972)  measured  tlie  base  pressure  downstream  of  a  wedge 
at  H  =  6  and  at  various  angles  of  attack.  & t 

r.nall  angles  of  attack,  the  base  pressure  decreases  slight !;■  with  an 
increase  of  an  angle  of  attack  and  Re.  However,  at  lamer  angles  of 
attack,  the  base  pressure  increases  significant!;/  except  or  the  small¬ 
est  Re  ,,  =  7000.  '.-/hen  u  >  17.  r'°  flow  separates,  and  the  pressure 

on  the  surface  in  the  area  of  separated  flow  becomes  approximately  equal 
: o  the  base  pressure.  The  reason  ror  this  base  pressure  behavior  of 
the  angle  of  attack  and  Re  is  not  clear. 

■  •  Unsteady  Rase  ’-‘low 

”  t  :s  importan  t  to  understand  the  unsteady  forces  in  the  case  and 
•  ■  m; vi -a ted  ;  ,  c  i  c-n,  r.inco  most  vehicles  have  separated  flows 
. ver  at  least  part.  i>?  u.etr  ’.joundarier,. 


ore  rows  Invest i-ations  on  a  near  wake,  the  flow 
imvnntrear.  the  base  h.iS  not  he«.n  studied  in 
ion.  p rer.su luctuat  ions  downstream  of  axi  • 

:  r  '.or.-  l  •  arc  s  are  pi*  so:  ted  The  experiments 


..  1  ’ :•  i 


o  +  •  .  <  • 


structure  down  • 


■'  of  the  flow 


anal,  bis  of  unsteady  process  ir.  the  case  region . 

If  the  body  is  exposed  to  fluid  flow,  in  general,  the  amplitudes  of 
fluctuation  are  the  largest  at  transonic  and  low  supersonic  velocities. 

A  combination  of  intense  fluctuation  of  pressure  and  comparatively  large 
dynamic  pressure  in  this  range  of  velocities  may  result  in  a  significant 
dynamic  load  and  due  to  abrupt  restructuring  of  flow  aerodynamic  charac¬ 
teristics  may  change. 

Distribution  of  the  pressure  fluctuation  on  the  cylinder  surface  given  by 

o  o  c  2  0  5 

3  ~  (p'rw)";'  in  a  function  of  angle  f  measured  from  the  forward 
stagnation  point  is  alreadv  shown  in  Fig. TI . 27a.  The  symbol  (p  )  refers 
to  the  root-mean-square  (rms)  of  pressure  rluctuation.  Kistler  (I96d)  studied 
the  fluctuation  increase  in  the  region  of  the  separation  point  aue  to  the 
oscillation  of  this  point  and  for  the  separation  zone  upstream  of  the  for¬ 
ward  facing  step.  The  fluctuation  increase  in  the  region  of  the  :ear  sonic 
point  depends  on  the  effect  of  the  reversed  flow. 

It  may  be  noted  from  the  Fig. II. 27a  that  at  'f  -  90°,  by  approaching  to  sonic 
speed,  3  value  increases  and  at  supersonic  speed  the  :l  luetuaticn  cn  the  en¬ 
tire  cylinder  surface  including  the  base  region  decreases  i  f  tine  fluid  velo¬ 
city  charges  from  Y>  s  ?.  to  3-  The  distribution  of  the  Strouhal  number  on 
the  cylinder  surface  which  characterizes  that  of  frequency  is  shown  in  Fig. II . 
7V. •  ••  * lc.cl tv  increase  ir.  the  surface  f rom  the  forward  stagnation  point  is  ac- 

cm  par. ;  r-l  ay  ->  decrease  fluctuation  frcpuency.  Ir  the  range  of  subsonic  speed 
■  r  ■  -■  i 'nines  of  the  Strouhal  number  are  observed  at  'f  -  40  -  60°  and  at 
sup'-:  tunic  speed,  the  minimum  value  is  reached  in  the  region  of  'f  -  90°. 

■  r  : ' t  of  he  pressure  is  measured  using  gnu-discharge  and  induction 


sensors.  The  oscillations  of  the  wake  boundary  are  studied  by  the  high¬ 
speed  multiple  photography  of  flow. 

I  n  order  to  measure  the  pressure  fluctuation  a  special  gas-discharge  sensor 
is  developed  based  on  the  relationship  of  parameters  of  corona  discharge 
in  a  gas  to  pressure.  This  sensor  has  the  following  characteristics  :  rear¬ 
rangement  of  space  charge  which  determines  the  reaction  of  the  charge  to 
change  in  pressure  is  the  result  of'  restructuring  the  regime  of  the  electron 
avalanche  arid  the  time  for-  this  process  is  less  than  10  ^  sec.  Thermal  velo¬ 
cities  of  the  molecules  are  small,  thus  practically  ignored.  The  sensor  is 
placed  in  an  aluminum  chamber  and  a  platinum  spike  is  mounted  in  its  center 
insulated  by  a  porcelain  tube.  The  output  signal  with  the  g.as-d  is  charge 
sensor,  through  the  cathode  repeater,  is  fed  to  the  input  of  parallel  three- 
octave  spectrometers  and  to  the  input  of  the  sequential  analyzer.  The  mean 
quadratic  value  and  the  maximum  amplitude  of  fluctuation  are  simultaenously 
measured.  Since  the  sensor  is  not  designed  to  measure  the  mean  pressures 
but  only  to  measure  the  fluctuation  the  effect  of  temperature  can  be  ignored. 
Shvets  et  al  (1968)  notes  that  the  most  intensive  pressure  fluctuations  of 
flow  rate  originates  in  the  wake  throat  region  are  transmitted  to  the  bod" 
by  the  reverse  flow.  Fig. VI. 1?  shows  the  effect  of  body  elongation  (aspect 
ratio)  on  the  base  pressure  rluctuations.  At  subsonic  speeds  and  low  super¬ 
sonic  speed  downstream  of  small  elongation  the  fluctuations  are  considerably 
larger  than  those  of  larger  elongation.  But,  at  M  =  ?  and  3  the  fluctuations 
are  almost  independent  of  body  elongation. 

2 . 1  Fluctuation  Spectra 

The  base  pressure  fluctuation  of  rockets  depend  on  a  number  of  factors.  Ex- 
pecially  the  following  factors  are  influential:  quasi-steady  restructuring 
of  flow  in  multi-nozzle  units  or  annual  flow,  acoustical  radiations  of  flow 


Fig. IV. 1?.  Effect  of  body  elongation(aspect  ratio) 
on  base  pressure  fluctuations.  [Shvets  and  Shvets 
(1976) J  . 

Is  M  =  0.6,  2:  M  =  0.9,  3:  M  =  1.2,  4t  M  =  2, 

5:  M  =  3,  6:Eldred  (I96l)  ?i  Kistler  and  Chen  (1963) 


and  flow  unsteadiness  in  the  region. 

Fig. VI. 13  shows  the  non-dimensional  spectral  density  of  the  base 
pressure  fluctuations  defined  by 


3  =  -yliLsi 
1  2  . 

q  d 


and 


in  a  function  of  Strouhal  number  defined  by  Sh  -  - 

The  basic  energy  of  base  pressure  fluctuation  is  concentrated  in 
the  region  of  low  frequencies.  The  model  tests  at  low  subsonic  speed 
indicate  that  the  spectral  density  at  lower  frequencies  is  higher  in 
the  vicinity  of  base  surface,  whereas  at  supersonic  speed  it  is  higher 


in  the  center  of  the  surface. 


Fig-TV -13-  Spectral  density  of  pressure  fluctuations 
for  base  point  0.5  R  of  the  blunt  body  (6  =  30°) 

[  Shvets  and  Shvets  (1976) J 

1}  Sj  ,  M  =  0.4,  2;  S1  ,  M  =  2  3i  S2  ,  M  =  0.4 

4;  S2  =  M  =  2. 


Mabey  (1972)  divided  the  intensity  of  base  pressure  fluctuation 
into  three  groups  by  values  of  \[  Sh.  F(Sh)  ,  where  the  function 
of  F(Sh)  is  determined  by 

(  A  P  )2/  =  f  Sh-F(Sh)  d(lnSh) . 

and  ^p  is  base  pressure  difference  from  A  f  band  with  frequency  f 

weak  oscillation  *  \J Sh  F(Sh)  ;C  0.004 

average  oscillation  »  l^Sh  F(Shj  ^  0.008 

strong  oscillation  1  ^Sh  F(Sh)  ss  0.016. 


Rossiter  and  Kum  (1967)  noted  that  the  intensity  of  the  fluctuation 


decreased  approximately  by  a  factor  of  2  when  subsonic  flow  becomes 
supersonic,  (K  =  2).  The  experimental  data  indicates  that  the  turbu¬ 
lent  boundary  layer  fluctuation  amplitude  increase  with  an  increase 
of  Re. 


...psov  ami  A.  *•' .  Antonov  y  resented  the  pressure  fluctuation  ir. 


.aye",  unsv  earn  separation  -egicn,  and  the  downstream  of 


protuberance  and  base  in  Fig.IV.l4. 


Fig. TV  .14.  fluctuation  of  pressure  in 
separation  zones  (B~total  level  of 
fluctuations  reduced  to  pressure  p  =1 
at)  i  ~ 

1 — separation  in  front  of  a  protuberance; 
P — maximum  pulsation  oehind  a  projection; 
3 — boundary  layer;  4,  5 — base  pressure 
CRossiter  and  Kum  (1967)T;  5 —  [Eldred 
(1961)]. 


Ti  e  value  or  3  ,  the  total 
level  o''  ' fluctuation  "edu¬ 
ced  to  pressure  p  =  1  atm. 
is  determined  by  these  au¬ 
thors  hased  upon  the  value 
_  a  r 

of  /  T'!  -  ?-( ,  ''or  tur¬ 
bulent  boundary  la.er.  Tt 
is  shown  that  vi th  increase 
of  M,  values  of  n  -’Iso  in¬ 
crease.  f Figure  ’  V  .  1-4  J 


Speaker  and  Ailman  (1966)  presented  the  following  empirical  equation 
'or  maximum  fluctuation  in  the  range  o"  M  =  1.4  and  3-5  as  well  as 
H//  =  0.5  -  1.3. 

_  o.r  _  p.r  . _ 

up  V^C"  -  0  («U*  *  ') 


indicating  that  the  maximum  values  of  fluctuation  in  the  reparation 


o:  the  tioundary  layer. 


cor.e 


much  larger  than 


of 


t'f 


Computation  of  the  naocimum  ■.  luctuation  at  the  reattachment  point 
downstream  of  a  projection  reveals  that  at  small  Kaeh  numbers,  the 
•  iiu«*  of  is  in  a  same  moi'n i tude  at  separation  unst  ream  o'"  the  pro¬ 
se.  a.  e,  rut  v  l"  >  f,  the  ''luctuation  upstream  o'  the  protuhe- 
u.  e  is  higher.  '!:>■  slope  o:  the  maximum  o*'  protu:  r--ar.ce  is  gen¬ 
tle  in  a  range  of  furs.  C.l  -  O.f  as  C reshi lov ,  Yevtusnenko  and  Lyar:- 
snev  (1969'),  Fri eke  ! 971 )  Fricke  and  Stevenson  ( 1 9fv  '  and  Speaker 
a  nd  A  i  Iman  (19 6c> )  '  o  und . 


A  comparison  of  B  data  in  the  base  region  with  those  of  a  separated 
turbulent  boundary  layer  upstream  and  downstream  of  protuberance,  in¬ 
dicates  that  at  M  =  1,  the  level  oi  these  base  fluctuations  is  compa¬ 
rable  to  the  level  of  fluctuations  of  the  boundary  layer  separation 
upstream  and  downstream  of  protuberance,  but  at  M  y  2.5  the  fluctua¬ 
tions  in  the  base  region  axe  smaller. 


The  volume  of  the  stagnation  zone  in  the  base  region  may  be  used  to 
characterize  the  unsteady  process  as  shown  in  Fig.IV.tr  which  presents 
k  ,  where  k  is  a  coefficient  of  proportionality  amounting 

k  c;  0.006  in  a  function  of  stagnation  volume  V  with  respect  to  a  fixed 

1  3 

volume  Vo  =  g  71  d  . 

The  volume  of  the  stagnation  zone  is  approximately  equal  to  the  volume 
of  a  circular  section  of  a  cone  with  a  diameter  of  a  base  equal  to  the 
wake  neck  diameter  d  with  height  H  equal  to  the  distance  from  the  neck 
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to  the  cone  hase.  The  values  of 


1 


d  and  H  are  determined  by  the  op¬ 
tical  flow  visualization.  The 
fluctuation  may  be  reduced  by  pro¬ 
viding  a  damping  cavity  in  the 
trailing  edge  section  as  shown  in 
Figj.iV.1f.  Bv  placing  a  "passive" 
volume  of  cylindrical  cavities  in 
the  cone  base,  fluctuation  is  re¬ 
duced  while  the  "active"  volume  of 
the  staguation  zone  increases  fluc¬ 
tuation.  In  the  region  of  a  large 
pressure  gradient  where  the  viscos¬ 
ity  effect  is  significant  (for  example,  close  to  trailing,  edge  6hock) 
an  intense  fluctuation  occurs. 

2.2  Strouhal  number 

The  Strouhal  number,  defined  by  frequency  corresponding  to  the  maximum 
amplitude,  is  an  important  parameter  for  the  study  of  unsteady  wake 
flow.  The  velocity  of  potential  flow  ue  is  used  as  a  characteristic 
velocity  because  the  flow  in  the  base  region  depends  on  the  flow  para¬ 
meters  on  the  rear  section  of  the  body  and  the  flow  process  on  the  hase 
region  has  a  large  effect  on  fluctuation.  As  a  characteristic  dimension 
of  the  Strouhal  number,  the  diameter  of  the  bodv  is  usually  used,  but  as 
u@  increases  a  near  wake  diameter  does  not  vary  monotonically  and  wake 


Fig. IV. i c .  The  el  feet  o'  the  vol¬ 
ume  of  the  stagnant  2one  on  pres¬ 
sure  fluctuations  (cone,  0  =  10°, 
M=3):  [  Shvets  and  Shvets  (197^)J 
1 — "Active  volume";  2 — "Passive 
volume . " 
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diameters  differ  depending  upon  the  different  shapes  of  bodies. 
Therefore,  for  the  supersonic  -'low,  the  Strouhal  number  is  to  be  for¬ 


mulated,  not  rased  upon  nod;,  diameter  but  by  wake  diameter,  the  neck 
diameter  si'.  However,  ‘or  a  low  velocity  less  than  f<0  m/sec,  the  cha¬ 
racteristic  dimension  of  the  ne.v  wake  is  also  the  wake  diameter  as 
b  asr.ko  in-i ;  .-ates . 

The  •.•xivr  ir.en  to. results  o*'  tb  Strouhal  number  oh  =  '  d/u^  ,  in  a  ur:c- 
‘  rr  c  ror  composite  mod’.  c4  a  riant  cone  ar.d  cylinder  and  other 
shapes  a 44  e  shown  in.  Fi,:.T7.  *•-.  .  or  the  Sh,  the  ‘frequency  or  oscillation 

f  is  taken  approximately  by  the  frequency  corresponding  to  the  maximum 
amplitude  of  the  spectrum,  diameter  d  of  body  and  velocitv  of  undisturbed 
flow  is  the  characteristics,  ror  all  bodies  tested,  Sh  decreases 

as  the  undisturbed  flow  velocity 
increases.  For  the  smallest  su¬ 
personic  velocities,  the  Strouhal 
numbers  are  maximum.  The  Strouhal 
numbers  measured  in  the  base  for 
M  ?•  3  by  Shvets  et  al  (1968)  and 
Fid  red  ( 196-1)  a^ree  with  those  down¬ 
stream  of  propuberance  measured  by 
Speaker  and  Ailms-  (1966). 

4  •  1..  in'll  (-■•■:  (v  v.-d  that  an  inter.:-*’  vibration  accompanies  the  ex  ten- 
.  •*  c.ve  :  :  aket,  .ind  other  hi*4t.-dv-V-  devices  on  aircraft  and  missiles. 

h  f 


.  *  *  fepen-i*’4  of  tre  f  h 
■  ./• 4.  in  tui'ior.  of  rase 

-c.-ire  or  the  F  num’-t'-:4: 

’ --  -mposite  movie.  »  :  iunt  -ore  arid 
i  ; n-  ;  , --Fovli-.  4or  injection 
l  •  -r.e  fi-i  v  i  ii.o  — *  ;  i — '  vlinder 

.  v  -  i  *  •  :  ■.  i4r„!  i  to  t  -.«•  direction  of 
4  i.  -  [  . -r.-i-ts  u.d  Shvets  1 1 97' )  J 


Also,  a  considerable  vibration  at  the  fundamental  longitudinal  mode  and 
at  the  internal  resonance  frequencies  of  a  vehicle  which  had  a  blunt 
base  was  noted  during  the  maximum  dynamic  pressure  phase  of  flight. 

"Idred  (I9tl)  in  order  to  study  this  phenomena  measured  the  base  pres¬ 
sure  flu tuations  at  two  base  positions  on  a  small  body  of  revolution 
.t  eleven  'joints  in  the  velocity  range  of  68-35?  ft/sec. 

’.'he  results  show  that  i,a)  the  ratio  of  £  p^/c  J2  varies  between 
1.00'7  at  the  center  of  the  base  to  0.015  at  6 95  radius  (b)  the  spectrum 
of  the  pressure  fluctuations  depends  on  body  St.rouhal  number  (c)  varia¬ 
tion  of  observed  vibration  response  witn  flight  parameters  can  be  pre¬ 
dicted  from  the  base  pressure  fluctuation  data. 

Lien  and  Eckerman  (i960)  studied  the  fluctuations  in  the  turbulent  wakes 
o’"  slender  cones  and  spheres  in  the  ballistic  field,  employing  the 
Mach-Zehnder  interferometer,  finding  the  existence  of  some  periodicities 
in  the  turbulent  wake  at  nypersonic  speeds.  The  most  distinct  difference 
between  cone  wakes  and  sphere  wakes  is  the  existence  of  the  large  ampli¬ 
tude  regular  periodic  structure  in  the  former.  The  periodic  sti-ucture 
persists  up  to  several  hundred  diameters  length  downstream  in  cone  wakes 
and  the  sphere  wake  periodicity  having  a  much  smaller  amplitude  is  found 
to  disappear  at  an  earlier  stage.  The  periodicity  in  terms  of  the  Strou- 
hal  number  (Sh  defined  by  taking  the  ratio  of  the  cone  base  to  the  wave 
length  instead  of  counting  the  periodicity  of  the  regular  fluctuations) 
increases  with  the  increase  of  Re^,  described  by  the  Rayleigh  Stiouhal 
formula  with  an  asymptotic  limit  estimated  to  be  0.55-0.6.  It  is  indi¬ 
cated  that  the  correlation  length  jL  of  the  turbulent  density  fluctuation 


(with  respect  to  axial  separation  distance)  decreases  with  increas¬ 
ing  Re^,  and  indicated  also  for  hypersonic  cone  wake  the  tendency 
exists  to  approach  self-preservation  at  high  Re^  although  in  the  range 
of  8  x  10^<.  Re^  2  x  10^  no  state  of  self-preservation  was  observed. 

In  this  range  of  Re^,  the  %  rms  density  fluctuation  scatters  in  between 
b  and  1 1% . 

2 . 3 •  Types  of  Oscillations 

The  sketch  of  the  base  flow  structure,  presented  in  Fig. IV . 17,  may  serve 
to  .  lari'"’.’  the  factors  to  cause  the  supersonic  base  pressure  fluctuation. 
On  the  boundarv  of  sta  nation  zone,  the  external  ■‘'low  interacts  with  re¬ 
circulating  supersonic  flow.  The  flow  in  the  wake  neck  region,  where 
additionaly  the  mixing  of  external  flow  with  gas  ejected  from  the  stag¬ 
nation  zone  occurs,  affects  the  flow  in  the  stagnation  zone. 

Fluctuation  of  the  base  pressure  is  caused  by  a  number  of  interconnected 
factors.  In  particular,  quasi-steady  regimes  with  relaxation  fluctu¬ 
ation,  flow-rate  variation  in  the  stagnation  zone,  instability  of  reverse 
flow,  shifting  of  separation  and  reattachment  points,  acoustic  oscilla¬ 
tions  in  resonance,  and  large  eddy  and  turbulence. 

The  rlow  of  the  mass  of  the  external  region  and  the  mass  of  gas,  ejected 
rrom  the  stagnation  zone,  is  slowed  down  in  the  neck  region  and  scattered 
in  two  directions.  Part  of  the  gas  with  total  pressure  larger  than  the 
pressure  in  the  compression  region  passes  downstream,  while  other  parts 
of  gas  with  a  total  pressure  less  than  the  pressure  in  this  region  is 
turned  into  the  stagnation  zone.  Due  to  a  pressure  drop  between  the  com- 


!-  it- .  :  V  ‘  7  .  .-iafTaiR  of  flow  in 
a  ha.se  region: 

1 — Flow  close  to  the  trailing 
edges;  2 — larefaction  wave; 

3 — Inviscid  flow  after  expan¬ 
sion;  U — Mixing  layer;  5 — Toroi¬ 
dal  flow;  6 — Reversed  stream; 

7 —  Trailing,  edge  discontinuity; 

8 —  Deceleration  point;  9 — Invis¬ 
cid  wake;  10 — Viscous  wake. 

[_  Shvets  and  Shvets  ( 1976)  J 


pression  region  and  stagnation  zone 
gas  is  accelerated  to  a  higher  velo¬ 
city  and  approaches  to  base  as  an 
axi symmetric  flow. 

All  perturbations  of  flow  parameters 
occur  in  the  wake  neck,  causing  os¬ 
cillation  of  trailing  edge  shock, 
and  fluctuations  of  pressure  in  the 
compression  zone  and  amount  of  gas 
if  the  reversed  flow  occurs.  They 
also  cause  the  turbulent  fluctuation 
in  the  flow  boundary  of  stagnation 
zone  and  deceleration  and  mixing  in 


the  wake  neck  region.  It  may  be  as¬ 
sumed  that  mean-quadratic  value  of  the  base  pressure  fluctuation  is 
proportional  to  the  dynamic  pressure  of  the  reversed  flow  toward  the 
base . 


The  occurance  of  flow-rate  variation  may  be  explained  as  follows;  Al¬ 
though  the  oscillations  of  the  body  due  to  dynamics  of  flight  or  by  ex¬ 
ternal  perturbation  are  insignificant,  neverthless  a  bow  shock  wave  os¬ 
cillation  causes  a  variation  of  flow  parameters  such  as  Mach  number, 
flow  direction  behind  the  wave.  Because  of  variation  of  a  trailing  edge 
shock,  pressure  on  the  dividing  stream  line  affects  on  the  variation  of 


base  pressure. 


It  is  to  be  noted  that,  the  initial  perturbation  may  produce  ampli¬ 
tude  and  frequency.  However,  if  flow  rate  variation  occurs,  it  is  due 
to  volume  and  flow  parameters  in  the  stagnation  zone.  These  factors 
cause  an  unsteady  process. 

'fluctuations  of  stagnation  boundaries,  dimension  of  neck  and  position 
of  trailing  edge  shock  affect  the  flow  through  the  neck.  G.  I.  Petrov 
indicates  that  if  the  fluctuation  of  the  flow  rate  occurs  downstream  of 
a  neck  at  supersonic  speed,  then  a  large  scale  vortex  is  formed  in  the 
wake. 

Fluctuations  of  the  hase  pressure,  with  a  frequency  of  several  kilohertz 
(M=3,  Sh.ciO.1  -  0.6),  cause  flow  instability  at  the  separation  and  re- 
attachment  regions  due  to  the  fluctuation  of  reversed  flow  and  oscilla¬ 
tions  in  the  stagnant  zone.  In  general,  the  zones  of  separation  in¬ 
volving  local  shock  wave  are  the  locations  to  cause  flow  parameter  pul¬ 
sations.  Kistler  (1964)  observed  the  stronger  pressure  fluctuation 
close  to  the  separation  point  up  stream  of  a  step  compared  to  those  in 
the  stagnation  zone. 

The  high-frequency  fluctuations  of  the  base  pressure  are  caused  by  a 
large  scale  eddy  and  a  turbulence  in  the  viscous  layer  of  external  flow. 
In  pictures  taken  at  short  time  exposure  (t  a.  5/s),  the  eddy  is  visi¬ 
ble  in  the  external  viscous  layer  and  in  the  wake  neck. 

V.  M.  Kuptsov  (see  Theory  of  Turbulent  Streams  G.  M.  Abramovich,  Flzmat- 
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giz  Press.  Moscow  i960)  evaluated  theoretically  the  maximum  value  of 
turbulent  fluctuation  of  the  transverse  velocity  component  as  v,=0.2‘u’, 
the  mean  length  as  JLes 0.1  A  ,  where  A  is  width  of  mixing  layer  and 
mean  frequency  of  fluctuation  by  f  ~  v' /£  . 

A  stagnation  zone  with  a  large  fluid  volume  of  relatively  low  fluid 
velocities  probably  causes  lower  frequencies.  By  adding  a  passive  vol¬ 
ume  of  a  cylindrical  groove  in  the  base,  the  level  of  fluctuation  may 
be  lowered  resulting  in  a  shift  toward  the  reduced  frequency.  However 
by  increasing  active  volume  (increase  in  the  area  of  high  total  pres¬ 
sure)  not  only  the  level  of  frequency  of  fluctuation  is  increased  but 
also  the  frequency  range  is  expanded.  The  p>art  of  the  energy  required 
for  low-frequency  fluctuation  decreases  with  an  increase  of  active  vol¬ 
ume. 

The  base  pressure  fluctuation  is  caused  also  by  an  oscillation  of  shock 
wave  incident  on  the  circulating  flow.  For  the  clarification  in  physical 
sense  about  the  instability,  particular,  the  principles  of  flow-rate 
fluctuation,  it  is  necessary  to  study  the  space-time  correlation  of  fluc¬ 
tuation. 

3.  Wake 

In  this  section  only  some  results  of  pressure  fluctuation,  and  fluctuat¬ 
ing  velocity  components  are  given  separately  for  subsonic .supersonic  and 
hypersonic  speeds  relating  them  to  downstream  wake  distance  x. 


3.1  Subsonic  Wake  Flow 


As  pointed  out  by  Birkhoff  and  Zarantonello  (1959),  the  fluctuation 
in  a  wake  is  accompanied  by  the  fluctuation  shift  of  the  separation 
point  on  the  body.  Thus,  if  the  trailing  edge  of  the  body  is  sharp, 
then  fluctuations  are  absent. 

Sekundov  and  Yakovlevskiy  (1972)  analyzed  the  wake  flow  fluctuation 
and  compiled  the  experimental  data,  analysis  of  turbulent  transition, 
and  fluctuation  intensity. 

The  fluctuating  velocity  components  u*  and  v'  behind  a  thin  plate  are 
shown  in  Fig. IV. 1 8  by  Chevrav  and  Kovasznay  (1969). 

*'/vm 
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Fig. IV. 18.  Intensity  of  fluctuation  a  longitudinal 
(a)  and  lateral  (b)  component  of  velocity »  [Chevray 
and  Kovasznay  (1969)J 

1— x/  <s?  =  0;  2— x/  0  =  8.6;  3 — x/  0  =  86; 

t* — x/  0  =414. 


The  maximum  values  of  these  two  components  prevail  at  locations  far 
f rom  the  symmetry  axis,  close  to  the  zone  of  maximum  shear. 

Close  to  the  trailing  edge  value  of  u’  is  approximately  two  times  that 
of  v*  and  this  difference  becomes  smaller  downstream  approaching  zero. 


3.2  Supersonic  Wake  Flow 


Lewis  and  Behrens  (1969)  indicate  that  the  structure  of  the  wake  flow 
downstream  of  a  wedge  is  characterized  by  an  internal  shear  in  the  cir¬ 
culating  flow  zone.  In  this  region,  no  noticeable  unsteady  signals 
from  the  hot  wire  anemometer  were  observed.  Therefore,  it  was  concluded 
that  the  reversed  flow  area  is  laminar,  flow  in  it  is  stable,  and  the 

4 

turbulent  boundary  layer  does  not  affect  it.  Basically  at  Reu  =  2.7-10 
where  H  is  base  height,  wake  flow  downstream  of  the  wedge  is  two-dimen¬ 
sional  up  to  x/H  <  8.  This  flow  is  unsteady  and  the  small  perturbation 
increase  is  predicted  by  the  linear  theory  of  instability.  An  increase 

4 

in  Re  to  8.7-10  results  in  a  transition  from  the  laminar  to  the  turbu- 
n 

lent  flow  close  to  the  wake  neck  located  at  x/H  =  3-5.  At  x/H,  where 
the  turbulence  is  fairly  well  developed,  frequencies  were  also  high  as 
shown  in  Fig. IV. 19. 


Fig.IV.19.  Distribution  of 
frequencies  (boundary  layer  ■ 
with  generated  vortices,  Re= 
3-105)* 

1— x/H  =  8;  2 — x/H  =  1.1; 

3— x/H  *  2.5;  4—x/H  =  0.8; 

5 — x/H  =0.2  (external  flow). 
[Shvets  and  Shvets  (1976)  j 


The  spectrum  is  not  uniform  compared  to 
the  turbulent  boundary  layer  and  the  tur¬ 
bulence  in  the  various  positions  of  the 
wake  is  not  yet  self-similar.  Apparently 
the  shear  layers  are  formed  only  from  the 
internal  part  of  the  boundary  layer.  They 
are  unstable  as  the  small  but  increasing 
flow  fluctuation  shows.  The  maximum  value 
of  fluctuation  measured  by  the  hotwire  ane¬ 
mometer  increased  rapidly  between  x/H  =  1-4. 
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Pirri  (1972)  presented  a  theoretical  study  of  the  decay  of  the  fluc¬ 
tuating  velocities  in  the  supersonic  near  wake  expansion  of  a  bound¬ 
ary  layer  turbulence. 

Since  the  expansion  is  very  rapid,  the  applicable  linearized  analysis 
is  used  to  the  boundary  layer  mean  flow  stream  lines  as  the  boundary 
expands  into  the  near  wake  to  predict  a  change  of  the  fluctuation  lev¬ 
els  and  turbulent  scale  sizes.  The  vortex  is  assumed  to  be  initially 
circular  length  scale  A  ,  and  large  values  of  A  would  correspond 
to  turbulence  scales  at  a  low  wave  number  end  of  the  spectrum. 

The  turbulence  is  generated  primarily  in  the  high  shear  region  of  the 
viscous  sublayer  and  wall-dominated  turbulence  layer  and  diffuses  into 
the  outer  region  where  turbulence  is  nearly  balanced  by  dissipation 
creating  nearly  homogenous  field. 

including  the  effect  of  compressibility  of  the  mean  flow,  mean  properties 
are  '-alculated  by  the  characteristic  method.  The  results  indicate  that 
the  decay  rate  is  strongly  dependent  on  proper  specification  of  the  ani- 
stropic  boundary  layer  turbulence  and  the  decay  is  not  caused  by  dissi¬ 
pation  but  by  contraction  of  a  distribution  of  vorticity  filament  by  mean 
low. 

A  comparison  of  analytical  results  with  the  only  existing  measured  data 
o--  *h"  boundary  layer  turbulence  decay  in  the  near  wake  expansion  region 
of  a  slender  twdv  o1'  Lewis  and  Behrens  (1969)  may  result  in  a  good  agree¬ 
ment  when  a  realistic  choice  of  boundary  layer  turbulent  energy  spectrum 
and  velocity  fluctuation  levels  is  made. 
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Demetriades  (1964)  investigated  experimentally  the  viscous  wake  of 
seven  right-angle  two-dimensional  wedges  by  using  the  hot-wire  anemo¬ 
meter  at  K  =  6,  emphasizing  the  transition  to  turbulent  and  lateral 
spreading  or  the  turbulent  wake.  The  laminar  near  wake  thickness  was 
constant  r or  very  slender  wedges  (5°  included  angle),  but  upon  transi¬ 
tion  the  wake  spreads  laterally  rapidly  and  almost  linearly  within  the 
: irst  100  effective  base  height.  Transition  to  turbulence  moves  rapidly 
upstream  as  the  pressure  increases  but  eventually  gets  "stuck"  at  some 
characteristic  distance  behind  the  body.  This  sticking  distance  in¬ 
creases  with  an  increasing  slenderness  and  /  or  an  increasing  flight 
Mach  number.  The  near  wake  of  the  wedge  is  strongly  stabilized  by  the 
large  lateral  Mach  number  gradient  and  the  transition  Revnolds  number 
was  independent  of  the  body  size  but  dependent  on  the  wedge  angle.  The 
minimum  Reynolds  number  for  transition  based  on  an  effective  body  size 
was  about  10,000.  The  wake  seems  to  be  free  of  fluctuations  at  the  be¬ 
ginning  but  further  downstream  a  signal  appreciable  magnitude  develops. 
Although  the  signals  could  be  partly  due  to  the  changing  sensitivity  of 
the  instrument  as  it  traverses  the  wake,  they  also  indicate  the  pressure 
of  actual  flow  fluctuations.  In  the  light  of  a  small  disturbance  sta¬ 
bility  theory,  a  spectral  analysis  of  these  signals  would  be  of  interest, 
particularly  in  the  wake  region  immediately  preceding  transition. 

Zubkov  and  Shvets  et  al  (1972)  studied  base  pressure  fluctuations  and 
measured  dynamic  pressure  in  the  reversed  flow  of  cone.  In  a  range  of 
subsonic  velocities,  fluctuations  of  large  amplitude  were  observed  in  a 
broad  range  of  frequencies  (Sh  =  0.05-0.1)  and  as  the  speed  of  sound  was 
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approached,  fluctuations  of  dynamic  pressure  increase.  At  supersonic 
speeds,  the  first  maximum  of  the  spectrum  of  dynamic  pressure  fluctua¬ 
tions  is  found  at  the  same  frequencies  as  the  frequencies  of  pressure 
fluctuation.  (M  =  3.  Sh~0.4,  M  =  4,  Sh  a  0.0?) 

Similar  to  pressure  fluctuation,  by  going  over  from  M=3  to  M=4,  the 
dynamic  pressure  fluctuations  decrease  at  the  first  maximum.  But,  there 
is  a  distinct  difference  of  spectra  of  dynamic  pressure  fluctuation  o 
curing  only  one  maximum  at  Sh  -  0, P-0.4  from  that  of  pressuie  spectra. 

"or  the  purpose  of  clarification  of  flow  dynamics  in  the  base  region, 
optical  flow  visualization  is  made  by  taking  3-6  thousand  frames  of  pic¬ 
tures  per  second.  Fluctuation  of  the  free  viscous  layer  was  observed 
as  periodic  changes  of  dimensions  of  toroidal  vortex  and  fluctuation  of 
this  vortex  close  to  the  wake  boundary.  The  region  of  circulating  flow 
is  surrounded  by  a  flow  of  large  velocity  gradient,  and  the  internal  vis¬ 
cous  layer  is  unsteady.  The  fluctuations  are  caused  by  a  flow  rate  fluc¬ 
tuation  in  the  stagnation  zone  and  coincide  in  frequency  with  fluctua¬ 
tion  corresponding  to  maximum  amplitude  of  pressure  fluctuations  as  Panov, 
"hvets  and  Khazen  (1966)  noted. 

^hevrav  and  Kovasznay  (1969)  measured  the  turbulence  in  the  wake  of  a 
thin  aluminum  flat  plate  with  constant  thickness  of  0.160  cm  except  the 
last  60  cm  where  it  was  machined  down  symmetrically  on  both  sides  so  that 
the  thickness  was  tapered  linearly  down  to  h  =  0.025  cm  at  the  trailing 
edre.  Coil  springs  were  used  upstream  as  turbulence  generators  which 
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produced  a  thick  and  stable  turbulent  boundary  layer  near  the  trailing 
edge  and  its  Reynolds  number  Re  =  £  u— / 1)  8  1.5  x  104  was  in  all 
tests.  No  detectable  periodic  components  were  found  in  the  wake  at 
anv  downstream  station.  Turbulence  intensities  given  as  rms  value  of 
streamw;se  and  normal  components  or  the  velocitv  fluctuations  show  that 
tr.  maximum  intensity  moves  away  from  the  axis  of  symmetry  and  it  occurs 
near  the  zone  of  maximum  shear. 

The  low  level  of  ‘Tuctuation  in  the  circulation  zone  downstream  of  a 
wedge  is  due  to  reverse  transition  from  the  turbulent  to  the  laminar 
caused  by  sudden  expansion  of  flow. 

3 • 3  Hypersonic  Wake 

The  region  of  a  hypersonic  wake  in  an  atmosphere  is  divided  into  two 
areas:  viscous  internal  and  inviscid  external.  The  internal  region  in¬ 
creases  its  dimension  downstream  by  absorbing  the  external  fluid  and 
turbulence  contributing  to  the  mixing  with  turbulent  core. 

The  analogies  exist  between  compressible  and  incompressible  flow  in 
the  following  characteristics  frequency  of  pulsations  relationship  be¬ 
tween  Sh  and  Re  number,  coincidence  of  origins  of  vortex  formation  and 
the  occurrence  of  turbulence  in  the  wake  and  development  of  large  scale 
vortices  in  small-scale  turbulence. 

Therefore,  for  the  study  of  dynamic  characteristics  of  hypersonic  wakes, 
measured  data  of  incompressible  subsonic  wakes  are  often  used  because 
due  to  the  large  coefficient  of  turbulent  diffusion  of  motion,  fluid  ve¬ 
locity  in  the  wake,  rapidly  decreases  to  a  subsonic  level. 
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Behrens  and  Ko  (1971)  investigated  experimentally  at  M=6,  Re=30-000  - 
230.000/in.  and  stagnation  temperature  ?7C<°F  the  stability  behavior 
of  natural  flow  fluctuations  in  both  linear  and  nonlinear  instability 
region  in  the  wake  of  10°  half  angle  wedges  and  a  flat  plate  with  sharp 
leading  and  trailing  edge.  By  measuring  hot-wire  :'luctuation,  the 
growth  and  decay  of  flow  fluctuations  and  development  of'  frequency  spec- 
fra  are  to  be  determined.  Measured  mean  flow  and  fluctuations  are  di¬ 
vided  into  linear  and  nonlinear  instability  region.  The  inviscid  lin¬ 
ear  stability  theory  predicts  well  the  growth  of  the  fluctuation  and  am¬ 
plitude  distribution  in  the  linear  region.  In  the  nonlinear  region  simi¬ 
larities  with  low-speed  wake  exist.  The  fluctuations  grow  on  the  wake 
axis.  As  the  wake  becomes  nonlinear,  the  signal  on  the  axis  starts  to 
grow  rapidly.  In  order  to  investigate  the  fluctuation,  which  causes  the 
break  down  of  the  steady  laminar  flow  field,  frequency  distributions  of 
fluctuation  were  taken  at  points  in  the  wake  where  the  fluctuation  signals 
are  maximum  and  on  the  wake  axis.  Near  the  flat  plate  the  fluctuation 
intensity  monotonically  decays  with  an  increasing  frequency  and  as  the 
low  moves  downstream  a  peak  in  the  spectrum  develops.  Further  downstream 
a  peak  in  the  spectrum  decreases  rapidly.  The  most  unstable  frequency  is 
called  the  fundamental  frequency,  and  twice  this  frequency,  the  first 
harmonic.  A  further  increase  of  a  fundamental  frequency  component  and 
a  further  tuning  about  this  frequency  is  observed  at  the  beginning  of  the 
nonlinear  region.  On  the  wake  axis,  a  maximum  is  observed  at  twice  the 
•'undamental  frequency  (first  harmonic).  On  the  wake  axis,  a  most  dramatic 
rice  in  the  fluctuating  intensity  occurs  as  the  wake  becomes  nonlinear. 
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The  linear  instability  region  (in  which  the  mean  flow  is  laminar)  is 
followed  by  a  nonlinear  instability  and  the  fluctuation  spectrum  under¬ 
goes  dramatic  changes.  In  none  of  the  Behrens  and  Ko's  (1971)  inves¬ 
tigations  was  it  possible  to  make  measurements  far  enough  downstream 
to  reach  "fully  developed  turbulent  flow". 

Based  upon  the  measured  peak  freaueneies,  a  nearly  universal  Strouhal 
number  of  f  bQ/u  ^  =  Q.'j  where  bQ  is  wake  width,  was  found  for  both  in¬ 
compressible  and  hypersonic  flows,  The  prediction  for  the  development 
of  mean  flow  and  flow  fluctuation  in  the  nonlinear  region  by  Ko,  Kubota 
and  Lees  (1970)  for  an  incompressible  wake  is  applicable  for  a  hyper¬ 
sonic  wake.  Employing  the  integral  method,  this  theory  was  used  for 
the  study  of  the  interaction  between  a  two-dimensional,  single  frequency 
finite  amplitude  disturbance  in  a  laminar  incompressible  wake  behind  a 
flat  plate  at  zero  incidence.  A  similar  procedure  can  be  applied  to  flow 
of  inviscid  nature  and  governed  by  two-dimensional  disturbances. 

Assuming  the  small  fluctuation  compared  to  mean  values  obtained  from  eaua 
tions  of  energy  and  state  and  ignoring  the  energy  dissipation,  the  den¬ 
sity  fluctuation  is  given  by 

r/f  =  a0-5  (  1  -  ie  /  ie  ) 

where  _p’  is  fluctuation  of  density,  a  =  0.2  is  a  coustant,  i  and 

i  are  enthalpy  on  the  boundary  and  on  the  wake  axis  respectively. 
u 

The  maximum  fluctuation  occurs  if  i  0  i.e.  (p'/p  )  — *•  a  '  ^ 

e  h  max 

If  it  is  assumed  that  fluctuations  of  density  and  velocity  are  self-pre- 


serving,  then 


2  r  ,2 

i  f/f)  «  »  [(  Pe  -  ?  )/fej 


Fig. IV. 21.  The  Strouhal  number  for  hypersonic 
wakes  behind  a  sphere  (squares)  and  cones  (tri¬ 
angles)  (M  =  14).  £  Fox  et  al  (1967)  J 

Gibson,  Chen  and  Lin  (1968)  measured  the  decay  of  a  mean  variance  and 

a  gradient  variance  of  temperature  and  velocity  in  the  initially  heated 

sphere  wake  in  a  water  tunnel.  It  was  found  that  the  dissipation  rate 

of  kinetic  energy  and  the  temparature  variance  both  decrease  approxi- 
—2  4 

mately  as  x  '  for  the  first  60  diameters  downstream  of  the  sphere 
and  small  scale  temperature  and  velocity  fluctuations  were  approximately 
homogeneous  for  cross-sections  of  the  wake  normal  to  flow. 
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No  region  of  continuous  turbulence  was  found  even  on  the  wake  axis, 
and  a  velocity  spectrum  measured  on  the  wake  axis  normalized  using 
the  measured  viscous-dissipation  rate  was  in  a  good  agreement  with 
spectra  from  other  turbulent  systems  normalized  by  the  Kolmogoroff 
s-.aling. 

'ror  experimental  investigation  instead  of  air,  water  is  often  used  be¬ 
cause  much  mo  'e  sensitive  temperature  sensors  may  be  used  in  water  and 
high  spatial  resolution,  frequency  response  and  sensitivity  to  temper¬ 
ature  fluctuation  can  be  achieved  by  using  "single-electrode"  conduc¬ 
tivity  probes  in  dilute  electrolyte  solution. 

The  mean  square  fluctuation  velocity  u*  in  x-direction  normalized  with 
the  upstream  velocity  u  «*>  and  central  line  velicity  u  along  the  x- 
distance  up  to  60  diameters  at  Re  =  65,000  is  given  by 

TP/ue=  0.66  (x/d)~° 
as  whown  in  Fig.TV.r'O. 

Fox  et  al  (1967)  expressed  universal  relationship  between  Sh  9  ‘  Re 

and  Re  as  well  as  Sh. -Re  and  Re  for  a  hypersonic  wake  downstream 

C7  d  d 

of  a  sphere  and  a  cone  as  shown  in  Fig. IV. 21  which  were  approximately 
given  by  i 

For  line  1  ;  Sh  -Re-10"3  =  0.229  [  1  -  (l820/Re  Q  )  ] 

For  line  2  ;  Shd-Re- 10”3  =  1.72  (  1  -  I8l00/Red)  (for  cones) 

For  line  3  >  Shj-Re-10’3  =  0.66  (  1  -  3180/Red)  (for  spheres) 
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SYMBOLS 

enthalpy 
constant 
heat  flux 

thermal  flux  along  cross-section  of  downwind 
convex  side  of  semi-cone 

heat  flux  at  stagnation  point 

Reynolds  number  based  upon  x 

Coefficient  of  thermal  conduction 

wedge  angle 

semi-cone  angle 

Coefficient  of  viscosity  corresponding  to 
stagnation  temperature 


CHAPTER  V 


Thermal  Effects  on  Flow  Separation  and 
Reattachment 

Separating  and  reattaching  flows  at  high  speed  are  affected  by  aero¬ 
dynamic  heating. 

Host  of  the  investigations  of  these  problems  a-'e  experimental.  Thus, 
presentations  made  here  are  for  experiments.  Although,  some  analytical 
investigations  are  reported. 

For  convenience,  heat  transfers  of  separated  flow  and  reattached  flow 
are  presented  separately. 

1 .  Experimental  Investigation  of  Wake  Heat  Transfer 

The  problems  of  wake  heat  transfer  are  divided  into  heat  transfer  of 

near  wake,  far  wake  and  transition. 

1 .1  Near  Wake 

Muntz  and  Softley  (1966)  carried  out  two  sets  of  experiments  on  the 
near  wake  downstream  of  0.05  nose  bluntness  ratio,  10°  half  angle 
sphere  cone  at  hypersonic  speeds.  One  group  involved  the  simulta- 
enous  measurements  of  density  and  static  temperature  and  another 
group  involved  base  pressure  and  base  heat  transfer. 

The  static  temperature  and  density  were  measured  directly  using  an 
electron  beam  excitation  technique.  The  results  indicated  that  the 
near  wake  static  temperatures  are  sensitive  functions  of  both  Re  and 


model  surface  temperature  but  not  of  Mach  number  as  shown  in  Fig.V.l. 


Fig.V.l.  Temperature  at  the  trail¬ 
ing  critical  point  of  a  wake  de¬ 
pending  on  temperature  of  the  sur¬ 
face  of  a  model  [Muntz  and  Softley 
(1966)  3: 

1 — cone,  0  =  10°,  M  =  12.8,  Re  ^  L= 
7-105;  2— wedge,  0  =  10°,  M  =  16, 

Re  K  L=  2.5-105>  3 — cone,  0  =  5°. 

M  =  8-12  [Lykoudls  (1966)  ]  . 


Static  temperatures  of  the  wake 
flow  decrease  with  an  increase 
of  Re,  but  with  a  decrease  in 
temperature  of  the  wall  of  the 
body.  The  maximum  temperature 
in  the  wakes  increased  with  in¬ 
creasing  the  nose  bluntness  ratio. 
Fig.V.2  shows  the  distribution 
of  static  pressure  along  the  axis 
of  wake  downstream  of  a  cone. 

The  critical  point  is  located 
close  to  the  point  of  maximum 
wake  temperature. 


Fig.V.2.  Distribution  of  static 
temperature  along  the  axis  of  a 
wake  (0  =  10°,  r/R  =  0.05,  M  *  12.8, 
ReL  =  ?-105,  T*  =  1100°K  [Muntz  and 

Softley  (1966)3  1  1 — according  to 

deexcitatation  of  perturbed  atornsj 
2— according  to  measurement  of  base 
pressure. 
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The  measurement  of  Batt  and  Kubota  (1969) 
indicated  that  in  the  laminar  wake  down¬ 
stream  of  a  wedge,  the  wake  neck  width 
can  be  correlated  by  a  single  curve  irres 
pectively  whether  the  wedge  wall  is  cold 
or  adiabatic  as  shown  in  F ig . V . 3 . 

Fig.V.3.  Results  of  measurement 
of  the  width  of  a  wake  neck  (wedge 
0  ~  20°,  M  =  6)  ^Stepanov  (1969)]* 

1 — cold  wall,  H  =  7.6?  mm;  2 — adia¬ 
batic  wall,  H  =  3-81  and  7.62  mm. 

1 .2  Far  Wake 

Martin  (1969)  presented  fairly  completely  in  his  monograph  "Entry 
into  the  Atmosphere"  (Vkhod  v  atmosferu)  MIR  Press,  Moscow,  on  the  bound 
ary  of  wake,  turbulence,  transfer  of  mass  and  heat,  chemical  reaction, 
wake  and  its  interaction  with  electromagnetic  waves. 

Shvets  and  Shvets  (1976)  therefore  described  the  certain  aspects  of  far 
wake  gasdynamics  from  the  U.S.A.,  recent  references  in  their  monograph 
"Gasdynamics  of  Near  Wake"  Kiev. 

LevenGteins  and  Krumins  (196?)  measured  the  laminar  and  turbulent 
wake  growth  downstream  of  cones  of  various  half-angle  9°  -  *+0°  at  M  a:  10 
as  shown  Fig.V.4, 

The  laminar  wake,  marked  by  open  circle  in  this  Fig.V.4,  indicates  that 
the  lamiiAr  wake  does  not  grow  monotonically  and  there  are  oscillations 
in  the  wake  width  The  straight  line  about  which  the  oscillations  occur 


has  a  relationship  of  J~ oc 
and  the  period  of  these  oscilla¬ 
tions  is  about  50  body  diameters. 
The  turbulent  wake  growth  down¬ 
stream  of  4  cones  of  different 
half-angles  are  also  shown  in  Fig. 
V.4.  The  turbulent  wake  growth 
downstream  of  a  9°  half-angle  cone 
is  given  by  1/3  power  growth  and 
for  far  wakes  of  all  4  cones  in 
the  coordination  defined  are  of 
the  same  size  and  grow  at  the  same  rate.  For  the  larger  angle  cone,  the 
near  wake  width  decreases  and  the  growth  rate  increases  with  increasing 
drag  coefficient. 

1 . 3  Transition 

Lees  (1964)  summarized  the  tentative  picture  of  the  transition  in 
the  wake  at  hypersonic  speeds  as  followsi 

Below  a  certain  minimum  critical  Reynolds  number,  the  wake  is  lami¬ 
nar.  Above  this  limit  the  transition  first  appears  at  about  40-^0 
diameters  downstream  of  the  body  if  the  body  is  blunt  and  then  moves  up¬ 
stream  is  the  ambient  pressure  increases  maintaining  a  constant  value 
of  (Re  =  5.6  x  tc/*  where  the  subscript  f  refers  to  turbulent  front, 

XT  in 

independent  of  body  diameter.  When  the  transition  reaches  the  neck,  it 
gets  "stuck"  there  until  ReL  exceeds  (Re^)^  for  the  free  shear  layer, 


FSg.V.4.  Increase  in  the  width 
of  a  turbulent  wake  behind  a  cone 
when  M  =  10(Levensteins  and  Kru- 
mins  (1967)]  (marks  apply  to  cone, 
0  =  9  ,  laminar  wake) . 


3r4 


and  eventually  appears  in  the  boundary  layer  on  the  body.  For  a 
sharp-nosed  slender  body,  the  transition  first  appears  in  the  wake 
at  lower  ambient  pressure  and  somewhat  further  back  in  terms  of  body 
diameters  than  a  blunt  body,  especially  at  lower  hypersonic  speeds. 
Again  the  transition  moves  rapidly  upstream  as  the  ambient  pressure 
increases  but.  this  forward  motion  slows  down  when  the  location  o-'  the 
transition  approaches  the  neck. 
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Fig.V.5.  The  effect  of  the  M  number 
of  flight  (a),  the  ratio  of  enthalpy 
of  deceleration  when  M  =  8.4  ( b)  and 
the  Re  number  calculated  according 
to  the  diameter  of  the  base  of  the 
cone  when  M  =  10.4,  iM/i*  =  0,04 
(c)  to  the  Re  number  of  transition 
in  the  wake  CLevensteins  and  Krumins 
(19 67))  i  1— iK/i*  =  0.02;  2— iw/i* 

=  0.04  (Rexj  — dark  marks,  ReX2  —  - 

light  marks). 
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The  wake  flow  transition  is  effected  by  the  Mach  number,  wall 
*o  stagnation  enthalpy  ratio  and  the  body  Reynolds  number  which  as 
I.evensteins  and  Krumins  (15*67)  reported  is  shown  in  Fig.V.5. 

th.is  and  Re  are  based  upon  x.  and  x_  and  defined 

x,  x  ^  L  ti 

v.»  .u  axial  distance  from  the  model  base  to  the  very  first  appearance 
•f  '.ar.iricu  waves  ir»  the  viscous  wake  and  to  tne  first  appearance  of 
full;  turbulent  flow  respectively 

fhe  waJte  flow  transition  downs t- cam  of  cones  in  a  function  of 
the  Mach  number  is  shown  in  Fig.'.  .  m.  ihe  data  for  nearly  the  same 
wall-to-stagnation  enthalpy  ratios  are  considered  as  a  group. 

In  the  region  of  8  <  M  -a  16  the  wake  transition  Reynolds  number  in¬ 
creases  with  increasing  the  Mach  number,  due  to  the  decrease  of  an 
amplification  rate  of  small  disturbances  with  increasing  the  Mach 
number  as  seen  in  Fig .V. 5b  for  M  =  8.4. 

Wake  flow  transition  Reynolds  numbers  increase  with  an  increase 
of  the  wall-to-stagnation  enthalpy;  or  decreasing  heat  transfer  rates 
at  the  surface  of  the  body.  If  A  T  =  (T^  -  ? e) ft e  where  subscrips 
m  and  e  refer  to  wake  center  line  and  at  the  edge  of  wake,  for  a  given 
Mach  number,  A  T  increases  as  the  heat-transfer  rate  or.  the  body  sur¬ 
face  decreases  and  with  increasing  A  T,  the  amplication  rates  for 
small  disturbances  decrease.  From  Fig.V.^c.it  is  seen  that  at  low 
Reynolds  numbers  the  wake  transition  Reynolds  numbers  increase  with 
decreasing  body  Reynolds  numbers. 


313 


2 .  Vlgcoslty-Diffusivity  Models 


Zakkay  and  Fox  (1967)  carried  out  a  theoretical  and  experi¬ 
mental  investigation  of  the  turbulent  far  wake  and  found  that  among 
the  available  several  viscosity-diffusivity  models,  the  eddy  visco¬ 
sity  that  best  correlates  the  experimental  results  is  based  upon  the 
product  of  the  wake  half-radius  and  the  mass  flux  at  the  center  line 

U  W 

For  the  laminar  far  wake,  since  the  diffusion  processes  are  well 
defined,  standard  techniques  are  available  for  the  prediction  of  the 
flow  field,  but  for  the  turbulent  flow,  the  transport  properties  are 
not  well  defined  and  some  assumptions  are  to  be  made  to  define  e.g. 
a  turbulent  viscosity  for  use  in  the  laminar  equation  in  order  to  solve 
the  problem. 

Zakkay  and  Fox  (196?)  used  an  approach  similar  to  that  applied 
for  the  problems  of  mixing  based  upon  the  basic  equations  in  the  mo¬ 
dified  von  Mises  plane  for  the  analysis  of  far  wake  flow  field.  The 
investigation  was  conducted  at  hypersonic  speeds,  but  at  a  relatively 
low  temperature,  so  that  for  the  understanding  of  turbulent  transport 
properties  no  complications  due  to  dissociation  or  chemical  reaction 
arise.  The  test  was  conducted  using  a  flat  faced  cylinderical  model 
exposed  to  M  =  1?  flow  of  stagnation  pressure  430  psi  and  a  stagnation 
temperature  of  2000°K  just  high  enough  to  prevent  condensation.  The 
Reynolds  number  based  on  a  free  stream  condition  was  4.5  x  10-Vft  and 
model  wall-to-stagnation  temperature  ratio  was  0.265.  The  measured 
profiles  are  used  as  imput  data  in  the  solution  of  the  set  of  boundary 
layer  equations  in  an  implicit  finite  difference  scheme  for  an  IBM  7094 
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A  1  lit  ■ 


computer.  With  the  measured  profiles,  a  straight  forward  marching 
downstream  of  the  solution  was  obtained  using  the  assumed  form  of  the 
eddy  viscosity  of  various  models.  The  final  profiles  obtained  from 
the  machine  are  compared  to  the  ones  of  experiments.  Thus,  a  system¬ 
atic  evaluation  of  various  models  was  made.  The  results  indicate  that 
the  model  that  best  describes  the  wake  is  that  which  also  describes  co¬ 


axial 

r.ixins, . 

The 

viscosit; 

y-dif t 

,'usivit 

y  models  considered  are 

model 

\t  /U 

~  K 

&  M 

JCl  CL 
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model 

2,/U 

=  K 

'■  -feue 
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UCL  ; 

rl/2 

model 

2A  ,/A. 

=  K 

fe  (ue  - 

UCL} 

rl/2 

V 

model  3,  A  =  K  frL  uCL  rl/2  [  (  )  J  f  udy  ] 

y  o 


model  U,  /t  =  K  fCL  (  ug  -  u^)  S 


where  r^y?  is  defined  as  that  value  of  y  where 

?  u  =  2  (  ? eUe  +  -?CLUCL  } 

» 

and  where  J  is  defined  as  that  value  of 

2  P 

\  =  2  ~  ydy 

J  Je 

where  (ue  -  u)/(ue-uCL)  =0.01 

In  all  of  these  assumptions  a  value  for  the  constant  K  is  required. 
Model  1,  is  due  to  Zakkay,  Krause  and  Moo  (19610  used  for  jet-mixing 
problem . 

Model  2,  is  due  to  Ferri,  Libby  ami  Zakkay  (196?.)  who  used  to  correlate 
a  large  number  of  hydrogen-air  combustion  experiments. 


Model  2A,  is  due  to  Schlichting  (i960)  which  is  classical  involving, 
only  velocity  difference. 

Model  3,  is  due  to  Ting  and  Libby  (i960)  who  applied  a  density  trans- 
‘onr.aticn  to  model.  4  resulting  node! 

Model  9,  is  due  to  Blocr:  and  Steiger  arc  .  •  :  '  who  tn'.ro- 


•  •  '•  ne  obtained  by  an  .■■na-vs  :  s  ar.d  experiment  'or  length-diameter 

rati.-  of  cylinder  (l/dV  =  50  is  shown  in  Fiy.V/,  ""he  efr  oci  ot  der,- 

i. 

pity  transformation  is  slight  as  evidenced  from  the  comparison  of  the 
results  of  models  1  and  3  and  of  models  2A  and  U.  Although  the  data 
is  limited,  it  may  be  noted  that  any  of  the  models  with  approximate 
constant  K  nay  fit  the  data  over  some  range  of  x/d. 

akkav  and  box  (196?)  concluded  that  the  phenomena  of  mixing  and 
the  '.escribing  equations  of  the  'low  field  with  their  transpot  pro¬ 
perties  is  analogous  to  the  problem  of  the  coaxial  mixing.  For  blunt 
todies,  the  Mach  number  recovers,  <)^i  of  Its  value  in  a  distance  of  L/d 
1  f  POO,  fhe  voice:  *v  or  vel  •••  •  ty  difference  is  not  a  good  parameter 

*  0  describe  the  •  a'’  wake  problem  hut  rather  the  density  and  Mach  num¬ 
ber.  The  ••  i  sees  if  v  model  successfully  applied  *'or  a  mixing  profcler 
with  1  heni'.'i!  rea;  t  :  on  can  bo  also  used  "or  c.hemicaMy  reacting  wakes 
provide'!  that  ai  l  c  the  ini  tin!  species  profiles  are  Known  bofo  :  the 
shoulder  expansion  and  at  the  ba6e  of  the  body. 


3^6 


-  =  r.  ’  .r  .  A  -or.  par;  =r-.  cf  ■ ecults  of  a  theoretical 
'•t  1  delation  witr.  >.xp  -riinentally  measured  distribu¬ 
tion  of  the  “  r.  umber  along  the-  axis  of  a  wake  (x/d),  -■ 

cj0  (.iukkay  ar:a  Fox  (196 7)~\  :  A»  B,  c»  D>  E — Models 
of  :  lows  ir..i  streams;  1—  K  =  0.01;  2—  K  =  0.02; 

3 —  h  =  0.0-9;  U —  K  =  0.06;  line  5  corresponds  to 
laminar  ‘low. 

3.  Experimental  Investigation  of  Aerodynamic  Heating  at  Reattachment 
lone  at  High  Speeds  with  or  without  Protruding  Bodies. 

Before  describing  the  experimental  investigation  of  aerodynamic 
heating  at  reattachment  a  ‘heoretical  solution  of  reattachment  heat 
transfer  is  presented  here 

Telionis  (1972)  proposed  a  simplified  model  by  a  closed  form  ap¬ 
proximation  solution  for  engineering  estimates  of  heat  transfer  in  the 
neighborhood  of  reattachment  for  supersonic  flow  over  a  rearward-facing 
step  with  a  suction  slot. 

hue  to  the  difficulty  of  a  base  flow  problem,  it  was  necessary  to  treat 
separately  the  regions  of  s  eparations,  recirculating  flow,  free  shear 
layer  and  outer  flow  and  match  the  individual  solutions  along  the  rel- 
event  interfaces.  The  analysis  becomes  even  more  complex  if  the  ratio 
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of  the  boiindary  layer  thickness  £  with  respect  to  base  height  H, 

6  /H  1  because  the  whole  recirculating  flow  is  within  the  region 
of  viscosity  influence  and  inviscid  core  is  eliminated,  overlapping 
the  region  of  separation  and  reattachment  and  the  expansion  of  the 
compressible  flow  is  immediately  followed  by  recompress: on . 

For  simplified  prediction  of  heat  transfer  at  the  reattachment, 
felioni s  (197?),  assumed  that  the  flow  nrooerties  in  the  neigh bo rhoon 
-eattachment  are  similar  to  the  properties  of  stagnation  flow  and 
for  a  /H  ~  i  the  heat  transfer  along  the  stagnation  stream  line  is 
negligible.  Therefore,  the  heat  transfer  at  the  reattachment  is  ap¬ 
proximately  equal  to  heat  transfer  at  the  stagnation  point  of  a  free 
•stream  with  properties  of  those  at  the  stagnation  stream  line  before 
the  expansion.  A  comparison  of  the  predicted  value  with  experimental 
data  indicates  that  Telionis'  method  for  no  mass  transfer  predicts  cor¬ 
rectly  the  sharp  decrease  of  the  heat  transrer  rate  with  increasing 
8 /H  for  £  /H  <  0.5  and  a  mild  increase  for  8  /H  7  1 .  It  is  ex¬ 
pected  that  this  method  predicts  also  the  effect  of  mass  transfer  in 
the  case  of  suction. 

In  U.S.S.R.,  effects  of  a  protruding  body  in  the  flow  behaviors 
involving,  separation  and  reattachment,  and  shock  interaction  with  a 
three-dimensional  ooundary  layer  are  studied  by  the  visualized  limiting 
rtrean  line  pattern  produced,  by  the  oil  drop  flow.  On  the  other  hand, 
'he  rates  of  heat  transfer  are  evaluated  by  the  degree  of  change  of 
'■oior  or  transparency  of  the  temperature  sensitive  coating,  indepen¬ 
dently  to  pressure,  along  the  lines  of  reattachment  and  separation  The 
pet tinent  control  techniques  for  elimination  of  the  maximum  heat  flux 


are  also  described. 


The  heat  transfer  rate  in  the  reattachment  zone  is  large  exceeding 
by  an  order  of  magnitude  compared  to  its  surrounding  area.  Therefore, 
the  parametric  study  of  its  heat  transfer  phenomena  in  ,  Re  ,  geo¬ 

metrical  shape  and  the  angle  of  attack  as  well  as  the  proper  control  tech- 
ci.iue  of  reattachment  zone  heating  are  urgently  needed.  For  these  expe¬ 
rimental  investigations  Borovoy  (1968,  1968a),  Borovoy  and  Ryzhkova 
.1969,  1971),  3orovov  et  al  (1970 )  and  Maykapar  (1970)  have  selected 
simply  shaped  bodies  such  as  a  semi-cone  with  a  flat  surface,  a  circular 
cone,  a  wedge  and  a  triangular  plate. 

The  lines  of  separation  and  reattachment  are  determined  by  obser¬ 
ving  the  limiting  stream  line  (nearest  stream  line  to  the  wall  surface). 

If  the  limiting  stream  lines  meet  along  a  line  tangentially,  then  such 
confluence  line  is  considered  the  line  of  separation,  and  if  the  limiting 
stream  lines  spread  along  a  line,  then  such  a  line  is  defined  as  the 
reattachment  line.  Although,  these  definitions  are  not  an  exhaustive 
one  to  obtain  the  complete  understanding  of  the  complex  three-dimensional 
flow  behavior. 

3. 1  Aerodynamic  Heating  with  no  Protuberance  on  the  Surfaces  of 
Semi-Cone,  Cone  and  Triangular  Plate. 

3-1.1  Semi-Cone 

On  the  flat  surface  of  the  semi-cone  place  downwind  Borovoy 
(1969)  photographed  the  change  of  color  and  its  width  in  a  function 
of  time  t.Fig.V.7)  and  limiting  stream  lines  (Fig.V.8).  The  length 
of  these  stream  lines  is  propotional  to  the  shear  stress  and  spread 
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of  these  stream  lines  indicating  reattachment  is  clearly  shown  in 
Fig.V.8. 


3- 1.1.1  Flat  Side  Downwind 

From  Fig.V.R,  it  is  to  be  noted  that  if  re  is  reduced  (c  and  e) 


the  thermal  flux  peaks  disappear,  Th^  measured  heat  transfer  rate 
distribution  over  the  cross-section  c1'  the  fiat  side  is  shown  in  Fig, 7 .9. 
?h>‘  maximum  heat  transfer  of  lamina'"  flow  is  expresses,  in  a  function 
or  K  ^  which  is  the  parameter  of  visrour  :nci  ir.v isc tc  low 

interaction. 


Borovoy  et  al  (1968a)  measured  the  complex  heat  transfer  pheno¬ 
mena  at  angles  of  attack.  As  seen  in  Fig. V.  10,  at  <■/  =  I50,  two  maxi¬ 
mum  heat  flux  regions  originating  from  the  leading  edge  approach  each 
other  and  merge  into  a  single  region  at  "ar  downstream.  At  ^  =  ?3° 
a  single  heat  flux  peak  is  formed  on  the  Front  part  while  on  the  down¬ 


stream  part  two  peaks  are  formed  on  each  side  of  the  center  line. 


Fig.V.7.  Semi-cone 

0  =  ?4 . 30 .  Coated  with 
x 

temperature  sensitive 
paint,  angle  of  attack 
=0°  (flat  side  facing 
downstream),  =5*  Her(t 

=  1.1 -1(A  Re^-K^FO. 

Borovoy  et  al,  1968a 
a-t  =  0.8  S;  b-t  =  3  S; 
c-t  =  1?,  S;  d-t  =  48  S. 
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Fig.V.8.  Limiting  stream  line  patterns  for  semi-cone 
ot  =  o° .  [Boryvoy  and  Ryzhkova  ,19693. 

a)  Blunt;  b)  Pointed;  c)  Blunt;  d)  Pointed 

e)  Blunt;  L  =  Length. 


Fig.V.9.  Thermal  flux  dis¬ 
tribution  over  cross-section 
of  flat  side  of  blunt  semi¬ 
cone.  [Borovoy  and  Ryzhkova, 
1969J.  x  =  x/a;  a=  tip  radius, 
thermal  flux  q  is  referred  to 
the  thermal  flux  to  the  flat 
plate  (laminar  boundary  layer) 


Fig. V. 10.  Thermal  flux 
distribution  along  cross- 
section  of  flat  side  of 
blunt  semi-cone  as  func¬ 
tion  of  angle  of  attack  ; 

Ok=24.3°;  M.=  5;  ReLto  = 
1.1*10^  [Borovoy  et  al, 


As  shown  in  Fig. V. 11  and  V.12,  regardless  of  the  tip  bluntness, 
a  single  line  of  reattachment  is  formed  in  the  plane  of  symmetry. 

If  He  is  reduce,  then  the  lines  of  flow  spreading  disappear  reducing 
the  axial  heat  flux  as  seen  in  Fig. V.12. 


M  «*  =  5,  ReL«*>  =  10°  [Borovoy  and  Ryzhkova,  1971J. 

(a)  Limiting  stream  lines  o(.  =  30 

(b)  Model  coated  w/temp.  sens,  paint  =  25  ,  t  =  50  c 
(cl  Limiting  stream  lines  oc  =  25 

(d)  Model  coated  s/temp.  sens,  paint  3  25  ,  t  =  10  c 


* 


Fig. V. 12.  Thermal  flux  distribution  along  cross-section 
of  downwind  convex  side  of  pointed  semi-cone  9^  =  15° 
[Borovoy  and  Ryzhkova,  1971].  , 

(a)  M.  =  5j  Re u «.  =  0.4  •  10  j  x  =  0.24 

(b)  M«,  =  5;  ReLa.  =  0.77  •  106j  x  =  0.46 

(c)  Moo  =  6;  =  25°. 
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An  interesting  behavior  of  the  heat  flux  peak  on  the  plate 
side  of  the  blunt  semi-cone  placed  upwind,  compared  to  that  of 
the  pointed  one,  is  shown  in  Fig.V.13.  The  heat  flux  peak  for 
the  blunt  model  disappears  on  the  front  part  of  the  model  but 
appears  only  in  the  aft  part  in  smaller  magnitude  than  the  pointed 
serai-cone . 


-/  o  i  -i  o  1 


2  * 

Fig.V.13.  Thermal  flux  distribution  along  cross- 
section  of  downwind  convex  side  of  semi-cones. 

[Borovoy  and  Ryzhkova,  1971 J . 

0k  =15;  oA=  25°;  M.  =  5;  Re^  =  104. 

-  =  Blunt  semicones;  -  =  Point  semicones. 

3.1.2  Circular  Cone 

The  flow  behavior  on  the  downwind  side  of  the  circular  cone,  is 
as  seen  in  Fig.V.l4,  similar  to  that  of  the  over  the  downside  convex 
side  of  the  semi-cone.  Based  upon  the  observation  of  the  limiting 
stream  lines  it  appears  that  the  secondary  separation  takes  place 
along  the  second  line  of  flow  confluence. 


3.1.3  Wedge 


As  seen  in  Fig.V.15  on  the  flat  side,  the  heat  flux  peaks  are 
observed  in  the  reattachment  zone  and  the  blunting  of  the  leading 
edge  increases  the  heat  transfer  on  the  downwind  side. 

3.1  .4  triangular  Flat  Plate 

,-orovoy  r» V-  ai  >.1970)  and  Maykapar  \19?0'  using  a  rounded  apex 
•■riangular  plate  visualized  the  limiting  stream  lines  and  measured 
;ne  heat,  transfer  rate  as  shown  in  Fig.V.l6. 


Fig. V. 14,  Cone  8k  =  1^°.  M.  =  5.  Re^  =  106,  *  =  20° 

■  havlet-Kel  'devev  ft.  1971  J. 
a)  Limiting  stream  lines  on  the  downwind  side; 
b-t=2S;c-t  =  5S;  d  -  t  =  15S 
Model  with  fusible  temperature  sensitive  coating. 
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i-qs  5 


\l 
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A  /  \\  /J  \^'i 
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Pig. v. 15. 
wind  side 


Thermal  flux  distribution  along  cross-section 


of  wedge ;  M<*. 
Blunt  wedge;  - 


=  5, 


=  9-<;-10^.  [Borovoy  et 


Re.  oo 

— =  Pointed  wedge. 


of  down- 

8.1,  1970J. 


rig.v.16.  Limiting  stream  lines  on  downwind  side  of  triangular  flat 
plate  with  cylindrical  edges  and  thermal  flux  distribution  along  its 
cross-section  1—1 ;  c*  =  20°  ;  M  <*>  =  5  [Borovoy  et  al,  1970]. 

Limiting  stream  lines 
Thermal  flux  distribution. 


The  heat  flux  peak  was  observed  on  the  downstream  part  along 
the  single  line  of  flow  spreading  similar  to  the  case  of  a  plate  of 
blunt  semi-cone  placed  upwind.  It  is  also  noticed,  that  the  magni¬ 
tude  of  this  peak  increases  with  the  increase  of  Re.  However,  White- 
head  and  3ertram  (1971)  obtained  different  results.  They  found  a  line 
of  flow  spreading  in  the  forward  part  which  becomes  two  closely  spaced 
lines  of  flow  spreading  wit  a  narrow  region  of  separation  free  flow 
between  them  and  two  heat  flux  peaks  symmetric  with  respect  to  the 
plane  of  symmetry . 

For  the  triangular  flat  plate  or  delta  wing  with  rounded  apex,  no 
overall  information  on  the  flow  phenomena  in  leeward  region  was  avail¬ 
able.  Therefore,  Maykapar  (Chang  1973)  attempted  to  explain  theBe  two 
different  experimental  results  of  Borovoy  et  al  (1970)  and  Maykapar 
(1970)  compared  to  Whitehead  and  Bertram  (1971 ),  referring  to  the  most 
complete  investigations  for  sharp  apex  triangular  plate  of  Witehead 
(1970)  and  Whitehead  and  Bertram  ( 1971 ) .  Whitehead  and  Bertram  (1973) 
visualized  the  viscous  boundary  over  the  leeward  plate  cross-section 
using  a  vapor  screen  technique  showing  the  thin  layer  in  the  center 
area  of  the  symmetry  plane  section  extending  sharply  to  thicker  layer 
toward  the  plate  edge.  They  conjecture  that  the  paired  vortices  are 
formed  within  the  thick  viscous  layer  close  to  the  symmetry  plane  with 
axis  located  near  the  maximum  thickness  of  the  viscous  layer.  This 
vortical  motion  induces  a  downwind  flow  toward  the  centerline  which 
then  turns  outward,  drawing  a  low  energy  fluid  from  the  center  araa. 
The  stagnating  flow  and  the  thinned  viscous  layer  due  to  the  departure 
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of  the  fluid  cause  the  increased  heating  to  the  centerline.  On  the 
other  hand  Rao  ( 1 971 )  considered  the  formation  of  the  embedded  vor¬ 


tices  within  the  boundary  differing  from  the  concept  of  flow  impinge¬ 
ment  induced  by  free  vortices  following  from  the  sharp  leading  edge 
causing  the  heat  flux  peak. 

Maykapar  (Chang  1973)  realizes  that  the  flow  phenomena  on  the 
leeward  side  plate  is  affected  by  two  vortices  causing  a  heat  flux 
peak.  Nevertheless,  he  considers  that  the  effect  of  the  inner  shock 
is  important  because  this  shock  induces  the  flow  toward  the  plate  cen¬ 
ter  line  and  removes  the  low  energy  gas  from  the  middle  of  the  plate 

causing  thickening  of  the  viscous  layer  and  also  the  heat  flux  peak. 
Thus,  together  with  the  bow  wave,  the  inner  shocks  determine  separa¬ 
tion  and  entire  flow  in  the  leeward  region.  Hence,  the  effect  of  vor¬ 
tices  is  regarded  as  a  secondary  phenomenon.  The  vapor  screen  visuali¬ 

zation  showing  the  thin  viscous  layer  in  the  central  part  of  the  plate, 
is  due  to  a  transverse  flow  effected  by  the  shocks  and  density  increase. 
The  two  lines,  instead  of  one,  of  reattachment  and  heat  flux  peak  ap¬ 
peared  in  Borovoy  et  al's  experiment  (1970)  and  explaned  by  the  change 
of  t low  pattern  because  of  the  increased  distance  between  the  shocks. 

3 . 2 .  Aerodynamic  Heating  Involving  Protuberance 

Recently,  in  the  USSR,  by  mounting  the  simply  shaped  bodies  such  as 
a  straight  and  tilted  cylinder,  a  triangular  wing  to  flat  plate,  or  by 
discharging  the  transverse  jet  into  the  supersonic  flow  from  the  hole  in 
the  plate  or  cone,  the  experimental  program  of  aerodynamic  heating  in 
three-dimensional  flow  regions  involving  shock  wave  interaction  with  lami- 


nar  boundary  layer  has  beer,  carried  out. 


3-2.1  Cylinder  Interference  with  a  Flat  Hate 

in  order  to  assess  the  upstream  flow  and  heat  *rarsfer  rrer.'r:er.a 
with,  the  pron.berance  accurately,  the  height  cf  the  ?’  ir.der  war  se¬ 
lected  mien1'  tv  large  and  the  str  t  st  ream  lire  -eha  Lor  and 


'leltlng  ooundariee  o*  the  temperature  sensitive  pci nts  are  ir.ver,* 
.rated  as  seen  i",  / .  1 7 .  the  press,  av  r  a-  ol'Str-'nm,  rep. 

.vtt  ion  ’  opton  and  clop 
met -y  are  considered 

by  the  :‘ree- - n teract i on  law.  -or  example 
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from  pl.ate  edge  as  reported  by  aorovoy  and  Ryzhkova  (197?). 

Tetervin's  (196?)  invest  1 ion  shows  that  due  to  the  interaction 
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vestigations  of  Vogler  (1963)  and  Werle  et  al  (1970)  are  also  useful 
to  understand  the  upstream  pressure  distribution  of  protuberance. 


Vogler  (1963)  measured  the  pressure  distribution  on  the  surface 
of  a  flat  plate  up-  and  downstream  of  a  cylinder  mounted  on  the  plate 


Fig. V. 17.  a)  Limiting 
stream  line  pattern  on 
plate  with  cylinder  per¬ 
pendicular  to  the  plate 
surface  (M«>~5) 5  b)  Tem- 
perature-se'nsitive  paint 
melting  boundary( lines  of 
constant  surface  tempera¬ 
ture  and  thermal  flux) 
for  different  times. 

[Borovoy  and  Ryzhkova, 1972 J. 


Fig. V. 18.  Pressure  distribution  over 
plate  in  the  plan  of  symmetry  ahead 
of  forward-facing  step,  cylinder  and 
jet,  M  =  3;  •  =  Step?  0  =  Jet;  PQj/P 

=  *40,  A=  Cylinder.  [^Glagolev,  Zubkov 
and  Panov,  196?  3 • 


Fig. V. 19.  Regions  of  fused 
temperature-sensitive  coating. 
M  «,  =  6  I  Borovoy  and  Ryzhkova, 
197?  3 .  a  -  t  =  0.?4  S;  b  -  t 
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F if,.'/.??.  fordinates  of  lines  of  flow  spreading  1,3,  line  of 
second  heat  flux  maximum  2  and  lines  of  heat  flux  minimum  4. 5, 
on  plate;  =  6,  He— x  =10^-10  .  [norovov  and  Rvzhkova,  197?  3  • 
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Fig. V. 23.  Heat  flux  distribution  in  plate  symmetry  plane  and 
along  line  of  flow  spreading  1,  M^=  6.  [Borovoy  and  Ryzhkova,  1 972  J. 


Fig. V. 24.  Pattern  of  limiting  stream  lines  for  cone  0*  =10°  at 
angle  of  attack  ck.  =20°  (upwind  side)  *1^=5.  [Borovoy  and  Ryzhkova, 
1972  )•  ~ 
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and  around  a  jet  discharged  vertically  from  a  hole  in  the  plate. 

The  free  stream  velocity  was  subsonic  corresoponding  to  transition 
flight  speeds  of  VTOL  aircraft.  Werle  et  al  (1970)  obtained  the  pres¬ 
sure  distribution  with  a  supersonic  turbulent  free  stream  upstream 
of  a  forward  facing  step  and  jet  issued  vertically  from  a  hole  in  the 
plate.  In  the  three-dimensional  separated  flow  zone,  regions  of  su¬ 
personic  flow,  imbedded  shock  and  secondary  separation  are  formed,  as 
well  as  the  heat  flux  peak  region  as  seen  in  Fig.V.19.  This  maximum 
heat  transfer  rate  region  is  also  determined  by  observing  the  limiting 
stream  line  spreading  as  sketched  in  Fig. V. 20.  The  maximum  heat  trans¬ 
fer  rate  on  the  flat  plate  occurs  in  the  narrow  upstream  of  the  cylin¬ 
der  and  its  magnitudeis  comparable  to  that  on  the  cylinder  stagnation 
line.  The  fact  that  the  interference  of  a  protuberance  increases  the 
heat  transfer  rate  on  the  plate  up-  and  downstream  of  the  protuberance 
compared  to  the  plate  alone  is  demonstrated  in  Fig. V. 21  for  a  cylinder 
as  a  protuberance.  Furthermore,  on  line  2  of  Fig. V. 17  and  on  Fig. V. 18, 
a  second  small  heat  flux  peak  is  observed  upstream  of  the  cylinder  along 
which  the  pressure  is  highest.  The  coordination  of  these  lines  of  the 
second  maximum  heat  flux  and  the  lines  of  minimum  heat  flux  are  plotted 
in  Fig. V. 22.  The  heat  transfer  rate  distribution  in  the  plane  of  sym¬ 
metry  upstream  of  a  cylinder  and  along  the  line  of  the  limiting  stream 
line  spreading  are  plotted  by  Borovoy  and  Ryzhkova  (1972)  in  Fig. V. 23. 


3.2.2  Cylinder  Interference  with  Cylinder  and  Cone 

Flow  and  heat  transfer  phenomena  over  a  cylinder  mounted  on  a  cone 
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and  over  a  first  cylinder  mounted  on  a  second  cylinder  are  similar 
to  those  of  a  cylinder  mounted  on  a  flat  plate  as  seen  in  Fig. V. 24. 
Although,  the  latter  case  holds  for  d/D<  0.1  (where  d  and  D  refer 
to  diameter  of  first  and  second  cylinder  respectively)  and  the  se¬ 
cond  cylinder  whose  nose  is  hemisphere.  Therefore,  experimental  re¬ 
sults  of  aerodynamic  eating  due  to  interference  of  a  cylinder  mounted 
on  a  cone  are  presented  with  *y  'se  of  a  plate  in  a  good  correlation  as 
shown  in  Fig. V. 25  and  V.26.  If  the  ratio  of  d/ <f  (where  d  is  cylin¬ 
der  diameter  and  <T  is  displacement  thickn  .ss  of  boundary  layer)  is 

reduced  to  1-2,  then  the  separation  characteristics  described  thus 

-) 

far  hold  still,  but  if  d /  /  <;  t,  then  the  separation  region  extends 
further  upstream  and  the  number  of  characteristic  lines  in  the  limit¬ 
ing  stream  lines  decreases  leaving  only  a  single  maximum  heat  flux 
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Fig. V. 26.  Maximal  heat  flux  ahead  of  cylinder. 

0  =  plate;  x  *  cone 

[Borovoy,  Ryzhkova  and  Sevast'yanova,  19?2j 

line  (Fig. V. 26)  and  the  magnitude  of  maximum  heat  transfer  rate 
upstream  of  the  cylinder  decreases  sharply  as  indicated  in  Fig. V. 26. 

3.2.3  Interference  of  Tilted  Cylinder 

By  tilting  a  protruding  cylinder  upstream,  no  fundamental  dif¬ 
ferences  of  flow  and  heat  transfer  behaviors  are  noted  compared  to 
those  of  a  straight  cylinder.  Although  by  tilting  downstream,  the 
separated  flow  region  is  reduced  in  the  symmetry  plane.  The  maxi¬ 
mum  heat  flux  upstream  of  a  cylinder  to  a  plate  varies  with  the  tilt 
angle  similar  to  the  heat  transfer  behavior  to  a  yawed  cylinder  as 
reported  by  Borovoy  and  Ryzhkova  ( 1972) .  The  heat  transfer  rate 
on  the  downwind  surface  of  the  cone  but  upstream  of  the  cylinder  at 
an  angle  of  attack  cx  >  8^  is  considerably  less  compared  to  the  case 
of  o<.  =  0°  but  even  in  this  case  the  pressure  of  the  protruding 


cylinder  increases  the  maximum  heat  transfer  rate  [  Borovoy,  Ryzhkova 
and  Sevas t'yanova  (1972)3  . 


3-2.4  Jet  Interference 

Borovoy  and  Ryzhkova  (1972)  presented  Fig. V. 27,  V.28,  and  V.29 
which  indicate  the  similar  upstream  behavior  of  the  flow  separation 
compared  to  that  of  the  protruding  cylinder. 

3.2.5  Interference  of  Sharp  Edged  Triangular  Half -Wing 

The  flow  behaviors  of  the  separation  and  reattachment  due  to  in¬ 
terference  of  a  sharp  edged  triangular  half-wing  mounted  on  a  plate 
at  angle  of  attack  are  shown  by  the  limiting  stream  line  pattern. 
(Fi'g.V .30) .  These  limiting  stream  lines  indicate  that  the  reattach¬ 
ment  occurs  at  line  1,  separation  at  line  2  and  reattachment  at  line 
3.  The  maximum  heat  transfer  rate  occurs  on  the  reattachment  line  3. 


Fig. V. 30.  Pattern  of  limiting  stream  lines  on  flat 
plate  with  half-wing  mounted  on  the  plate,  Moo  =  5- 
[Borovoy  and  Sevast ’yanova,  1972J 
f Borovoy,  R\  zhkova  and  Sevast 'yanova,  1972J. 

The  maximum  heat  transfer  rate  occurs  on  the  reattachment,  line  1 

and  its  magnitude  increases  linearly  with  increase  of  p^/pu  (where 

d  n 

p  is  pressure  downstream  of  shock  wave  emanating  from  the  half-wing 

D 

leading  edge  and  p„  is  pressure  on  the  plate  outside  the  region  of 
n 

disturbance  from  half-wing)  showing  that  for  this  case  of  shock  in¬ 
teraction  with  the  boundary  layer  this  pressure  ratio  is  the  most 
important  governing  factor. 

The  writer  notices  that  the  experimental  investigations  for  aero¬ 
dynamic  heating  in  the  USSR  described  by  Ha-  T,apar  (Chang  1973)  is  for 
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CHAPTER  VI 


SYMBOLS 


G 


g 


H 


* 

H 


** 


H 


Je  &  Ji 


l 


mixing  coefficient 

diameter  of  exhaust  nozzle  section 

diameter  of  circle  with  center  on  the  axis  of 
nozzle  passing  through  the  joint  point  of  flows 

cross-sectional  area  of  base  between  the  nozzle 


G  = 


7<r?T> 


A 

2 


mass  flow  rate  through  all  nozzle 

coefficient  of  flow  rate 

*  .  *■# 

H  =  H  /H 

H*  =  J  */<T 

«**•<-£-  )Jtl 

integral  proportional  to  mass  flow  rate  in  the 
mixing  zone  between  separation  line  and  internal 
boundary  respectively 

coefficient  of  vortex  convection  at  the  boundary 
of  the  supersonic  boundary  layer  and  arbitrary 
constant 

distance  from  the  base  nozzle  to  effective  radiation 
source  of  discrete  tone 


n 


o 


n 


P 


a 


n  =  vp« 

critical  value  of  off-design  ratio  at  which  the 
instantaenous  change  from  a  decrease  to  an  in¬ 
crease  of  pressure  in  a  change  of  regime  as  n  in¬ 
creases 

pressure  at  nozzle  exit 
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pb 

R 

R  . 
J 

Sa 

* 

S 

■» 

T 

x 


base  pressure 
radius 

nozzle  radius 

area  of  exhaust  nozzle  section 
area  of  critical  nozzle  section 
total  mean  temperature 

length  of  stream  line  along  the  boundary  of 
the  stream  at  the  joint  point  of  flow 

position  of  vortex 

coordinate  of  stream  line  of  a  constant  flow 
rate 


coordinate  of  separation  line  at  the  nozzle  exit 
section 


interaction  angle  of  stream  line  in  a  compressed 
layer  inclined  toward  symmetry  axis  of  fo'-'m  nozzle 
unit 


9  nozzle  inclination  or  momentum  thickness 


ratio  of  all  clustered  nozzle  exit  area  to  total 
area  of  throat 


ratio  of  all  clustered  nozzle  exit  area  to  throat 
area  of  single  nozzle 


r 


performance  parameter 


60? 


spectral  density  of  noise 


subscript 

a  exit  section  or  boundary  of  nozzle  section 


e 


mixing  zone 


CHAPTER  VI . 


Separated  Flow  Affected  by  Annular  Outflow 

ror  rocket  technology,  the  problem  of  a  rocket  base  flow  is  a 
particularly  important  one  to  be  solved.  The  behavior  of  an  exhaust 
gas  flow  -'rrm  a  number  of  nozzles  closely  located  on  the  base  surface 
is  similar  to  that  of  an  annular  flow,  but  compared  to  the  Laval  noz¬ 
zle  flow  less  loss  of  thrust  may  be  achieved  and  nozzles  can  be  more 
conveniently  laid  out  in  the  base  of  the  body.  In  practice,  it  is  ad¬ 
vantageous  to  shorten  the  nozzle  length.  Therefore,  an  attention  is 
given  to  study  the  thrust  of  such  short  nozzles  involving  the  downstream 
flow  separation  parallel  with  an  annular  flow  affected  by  pressure 
change  in  the  external  medium. 

Recently,  in  the  USSR,  problems  of  the  ring  nozzle  flow  have  been 
investigated.  Numerical  calculations  of  ring  nozzle  flows  are  presented 
by  0.  N.  Katskova,  V.  A.  Rubtsov,  A.  M.  Ovsyannikov  and  Migdal  et  al. 

The  flow  in  an  annular  nozzle  with  a  central  body  was  calculated  by  Iva¬ 
nov  and  Kraiko  (1972)  using  a  finite  difference  BCheme  and  by  Vilensky 
et  al  (1972)  using  the  method  of  characteristics.  A  review  on  the  anal¬ 
ysis  of  nozzles  directed  by  G.  I.  Petrov  is  presented  in  the  collection 
of  papers  of  VTs  MGU  Computation  Center,  Moscow  State  University  i*.  M.  V. 
Lomonosov. 

Approximate  computational  methods  for  an  annular  flow  were  developed 
by  G.  L.  Crodzovisky,  Yu  Ye  Kuznetsov  and  M.  V.  Tokarev  et  al. 

Koshevoy  and  Kozlov  (1971)  introduced  a  model  of  flow  interaction. 


for  incompressible  annular  flow,  I,.  A.  Gruzkov,  L.  A.  Korobkov,  Ye  M. 
Levin,  I.  L.  Povkh  et  al,  presented  an  analysis  and  experiment  of  base 
pressure.  V.  I.  Khanzhonkov,  Kuzov,  Moller  and  Elliott  studied  the 
thick  annular  flow  of  velocity  suitable  to  an  air  cushion  vehicle. 
Bondarev  and  Gushchin  (197?)  carried  out  the  numerical  calculations  of 
outflow  from  a  four  nozzle  block  into  a  supersonic  wake.  Ginzburg, 
Prikhod'ko  and  Sizov  (1970)  evaluated  test  results  o*'  the  flow  effect 
to  the  base  drag. 

Tn  western  countries  a  number  of  investigations  were  made  on  the  nozzle 
and  annular  flows.  Robert  (1963)  computed  a  separated  flow  and  a  ring 
nozzle  flow  using  quasi-uniform  models  and  Lee  (l 966)  studied  the  struc¬ 
ture  of  jets  from  plug  nozzles  and  the  parameters  of  supersonic  flow 
were  determined  by  the  method  of  characteristics  and  one-dimensional 
theory. 

For  multinozzle  flows,  the  effect  of  the  nozzle  number  and  position  of 
the  nozzle  on  the  base  pressure  and  thrust  characteristics  are  subjects 
to  be  investigated  relating  to  flow  parameters  in  separation  zone,  and 
shock  wave  interaction. 

1 .  Calculation  of  Base  Pressure 

For  convenience,  analysis  of  the  base  flow  is  presented  separately  for 
subsonic,  transonic  and  supersonic  flows. 

i  .  1  Subsonic  Axi symmetric  Flow 

With  an  increase  of  an  injected  flow  intensity,  the  dimensions  of  the 
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Fig. VI. 1.  Diagram  of  flow  in  the  base  region: 
[Craven  (i960)] 

a — Jet  stream  is  absent;  b — Velocity  of  the  stream 
is  subsonic;  c — Velocity  of  the  stream  is  sonic  or 
calculated;  d — Velocity  of  the  stream  somewhat  ex¬ 
ceeds  the  calculated;  e— Stream  strongly  under-ex¬ 
panded;  f — Compression  due  to  strongly  under-expanded 
stream  (l — External  boundary  of  the  mixing  region; 

2— Boundary  of  a  potential  nucleus;  3 — Pseudo-laminar 
field  of  mixing). 


If  the  flow  conditions  are  such  that  circulatory  flow  occurs,  then 
the  dimensions  of  the  vortex  become  minimal  (Fig.VT.lc)  and  the  base 


drag  coefficient  reaches  its  maximum.  A  subsequent  increase  of  inten 
sitv  dimensions  of  the  vortex  increase  (Fig. VI. d)  and  the  base  drag 


coefficient  decreases.  However,  further  broadening  of  the  flow  bound¬ 
ary  results  again  in  a  decrease  of  the  vortex  dimension  (Fig.VI.e  and 
Fig. VI. f)  and  in  a  monotonic  increase  of  the  base  drag  coefficient 
involving  the  alteration  of  stream  line  direction  of  expanding  flow. 

An  approximate  analytical  medel  for  the  determination  of  pressure  dis¬ 
tribution  in  the  base  region  of  subsonic  inviscid  external  flow  with 
a  small  amount  of  injected  fluid  is  shown  in  Fig. VI. 2.  External  flow 
is  givin  by  a  continuously  distributed  source  system  of  strength  per 
unit  length  amounting  P  u  yd©  along  the  radius,  in  a  plane  passing 
through  the  base  region  (outside  the  area  of  base  region).  It  is  pos¬ 
tulated  that  no  fluid  flows  in  the  radial  direction  from  these  sources. 
The  entrained  gas  under  the  flow  boundary  is  considered  by  a  flow  sys¬ 
tem  of  constant  of  per  unit  length  continuously  distributed  along  the 
x-axis.  The  flow  circulation  in  the  base  region  is  presented  by  a 
vortex  of  intensity  [*  ,  its  center  located  at  x'  and  y’.  Its  strength 

and  center  are  determined  from 


\y 


-  3 


Fig. VI. 2.  Model  of  potential  flow 
in  a  base  region:  ^Craven  (I960)] 

1- -Image  system;  2— Intensity  of 
flow;  3 — Intensity  of  the  source. 


the  boundary  conditions.  It  is 
assumed  that  y’/R  *  0.7  based 
upon  the  experimental  data  in¬ 
dicating  that  the  minimum  pres¬ 
sure  location  in  the  base  at 
y/R  0.7. 

The  comparison  of  analytical 
results  with  experimental  data 
of  pressure  distribution  along 
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y  show  that  although  both  cases,  the  trend  is  similarly  predicted 
absolute  values  are  higher  than  that  of  experimental  ones. 

1 .2  Transonic  Axisymmetric  Flow 

For  the  solution  of  the  problem  of  jet  flow  exhaused  from  th’  jet  en¬ 
gine  nozzle  with  the  central  body,  existing  analysis  are  usually  based 
on  the  small  perturbation  method  simulating  a  flow  boundary  by  a  cylin¬ 
drical  surface.  However,  such  an  approach  may  be  considered  as  the 
first  approximation  because  exhaust  flow  changes  its  shape  during  the 
flight  of  an  aircraft. 

Tagirov  (197*0  attempted  to  solve  the  ejection  effect  of  the  supersonic 
flow  to  the  external  transonic  flow,  by  an  iteration  procedure  assuming 
that  the  static  pressure  along  the  flow  boundary  is  constant.  At  first, 
the  external  flow  pressure  distribution  is  assumed  and  computations  are 
carried  out  for  the  flow  field.  Then,  for  a  given  flow  boundary  the  ex¬ 
ternal  flow  pressure  distribution  is  computed  precisely  considering  ejec¬ 
tion  flow  effect,  a  boundary  layer  on  the  body,  and  the  body  shape  etc. 
The  results  show  that  at  external  transonic  flow  speeds,  the  ejection 
effect  is  weak. 

Kum  (1968)  found  that  predicted  pressure  distribution  on  the  circular 
arc  shaped  trailing  section  agrees  with  the  experimental  data.  A  satis¬ 
factory  agreement  on  pressure  distribution  on  the  thin  parabolic  body 
with  experimental  data  is  reported  by  Spreiter  and  Stahara  (1971). 

1 Supersonic  Axisymmetric  Flow 

Yurchenok  (197*0,  using  Korst  theory,  computed  the  base  pressure  and 
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the  base  temperature  behind  an  axisymmetric  body  at  supersonic  speed 
affected  by  a  single  jet  flow  in  the  base  region. 

Numerous  studies  indicate  that  the  base  pressure  affected  by  the  jet 
flow  depends  on  various  parameters  whose  effects  may  not  be  ignored 
even  in  approximation  computations.  Therefore,  it  is  desirable  to 
establish  the  generalized  criteria  relating  them  so  that  it  may  be 
possible  by  simple  formulas  to  compute  the  base  pressure  in  a  broad 
range  of  parameteric  variations  of  trailing  edge  sections  and  jet  noz¬ 
zles. 

Shvets  and  Isayev  (1969)  developed  an  approximate  computational  me¬ 
thod  of  the  base  pressure  affected  by  the  jet  flow  involving  two  gen¬ 
eralized  parameters  for  axisymmetric  trailing  sections  with  a  central 
jet  flow.  Statistical  study  of  experimental  data  indicates  that  para¬ 
meters  to  be  used  for  analysis  are  the  angle  between  the  mean  flow 
direction  at  the  trailing  section  and  the  straight  line  joining  the 
trailing  section  and  the  point  of  maximum  expansion  (or  point  of  mi¬ 
nimum  contraction  for  an  over  expanded  nozzle)  of  je*  rlow. 

2.  Flow  System 

2.1  Separation  Stream  Line  Method 

The  flow  characteristics  in  the  interal  and  peripheral  (with  an  external 
flow)  zone  of  base  involving  the  outflow  system  depend  to  a  significant 
degree  on  the  mixing  process  at  the  external  flow  boundaries  and  on  the 
interaction  of  separated  flow. 


392 


For  the  approximate  computation  of  the  mean  case  pressure  and  base 
region  configuration  involving  the  closed  base  area,  one  usually  uses 
the  modified  separation  line  method  of  Goethert  (1961).  Instead  of 
the  actual  space  interaction  of  supersonic  streams  discharged  from 
the  neighooring  nozzles,  one  considers  a  hypothetical  two-dimensional 
•'low  in  a  certain  plane  of  interaction  where  the  inviscid  external  flow 
is  determined  for  a  given  base  pressure  by  the  contour  of  an  axisvm- 
metric  supersonic  flow. 

Since  the  flow  mixing  phenomena  is  three-dimensional,  it  is  proposed 
that  there  is  a  certain  characteristic  point  on  the  line  of  flow  in¬ 
teraction  in  the  center  which  determines  all  interactions  if  one  starts 

from  the  simple  mixing  principle  given  by  u/u  =  (l  +  erf  ”>?  )/2  and  by 

6 

Korst  flow  distribution;  total  pressure  on  the  separation  stream  line 
( when  M ^  *  1 )  or  total  pressure  behind  a  normal  shock  on  this  stream 
line  (when  M.  y  l)  must  be  balanced  by  static  pressure  downstream  of 
an  oblique  shock  at  the  joining  point  of  the  streams.  For  such  a  point, 
one  may  select  the  point  where  the  boundaries  of  the  neighboring  flow 
first  touch  each  other  (joint  angle  at  this  point  is  maximum).  In  order 
to  approximately  compute  the  formation  of  a  boundary  layer  on  the  in¬ 
ternal  surface  of  the  nozzle,  the  mixing  length  is  increased  by  x/d  = 

cL 


.  b  (  1  -  l// s/s*  )  where  d  and  s  are  diameter  and  area  of  the 
v  '  r  a'  '  a  a 

exhaust  nozzle  section,  s*  is  the  area  of  the  critical  nozzle  cross- 
section.  The  mass  flow  rate  returned  to  the  base  region  by  a  foirr-noz- 
zle  unit  is  given  by 

O 

d 


A  G  . 

Crt 


/  .  .  \  1  -  (u/ue)  -P  e  Ue  m  x  +Ax 

V  e  ~  1  ;  6T  f  a  ua  da  da 
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where  G  is  the  mass  flow  rate  through  all  nozzles,  J  and  J.  are  in- 
tegrals  proportional  to  the  mass  flow  rate  in  the  mixing  zone  between 
the  separation  line  and  internal  boundary  respectively ,  d^  is  diameter 
of  circle  with  the  center  on  the  axis  of  the  nozzle  passing  through 
the  joint  point  of  flows,  x  is  the  length  of  the  stream  line  along  the 
boundary  of  the  stream  at  the  joint  point  of  flows,  subscript  e  and  a 
refer  to  boundary  of  the  mixing  zone  and  the  nozzle  section  respectively 
All  gases  returning  to  the  base  region  flowing  between  the  nozzles  to 
the  ambient  atmosphere  are  considered  to  take  place  at  the  the  speed  of 
sound.  The  total  pressure  of  the  exhaust  flow  is  equal  to  the  base  pres¬ 
sure.  Total  mean  temperature  of  any  section  of  the  boundary  layer  in 
the  exit  section  of  nozzle  formed  in  the  near  wake  is  given  by 

yG  yj 

T*  =  J  f  uT+dy/  J  f  udy 
o  o 


where  y .  is  the  coordinate  of  the  separation  line  at  the  nozzle  exit 
J 

section  used  only  for  the  denominator. 

For  a  closed  base  area,  the  flow  rate  going  into  the  external  gas  me¬ 
dium  is  y . 


where 


G 


f  u  d  y  =  g  GpbF/jTT^ 


y^  is  the  coordinate  of  the  stream  line  of  a  constant  flow  rate,  F  is 
the  crossectional  area  of  the  base  between  the  nozzles  and  g  is  a  co¬ 
efficient  of  the  flow  rate.  For  a  four-nozzle  unit  by  taking  g  =  0.5, 
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an  agreement  between  the  analysis  and  experiment  may  be  obtained. 

If  the  external  flow  effect  is  ignored,  the  flight  attitude  at  which 
the  regime  of  the  internal  zone  flow  chocking  begins  can  be  deter¬ 
mined.  Fig. VI. 3  indicates  the  computed  data  by  the  modified  sepa¬ 
ration  line  method,  characterizing  the  effect  of  parameter  of  s/s* 
on  the  base  pressure  in  chocking  conditions.  In  Bn  TI  IsAGT  (1969) 
"Research  on  Flows  with  Gas  Streams  (foreign  references  1933  ~  1968)" 
290,  Moscow,  ar.  analysis  is  reported  which  employs  the  separation 
stream  line  method  to  compute  approximately  the  pressure  in  the  base 
region  and  the  heat  flow  at  the  critical  point  for  different  nozzle 
units  and  variable  external  conditions. 

If  the  base  region  condition  is  such  that  the  gas  outflow  from  the 
internal  zone  to  periphery  is  impossible  for  example  for  a  ring  nozzle, 
the  computation  system  is  almost  identical  with  that  of  a  closed  base 
region.  The  predicted  external  flow  pressure  is  not  equal  to  the  free 
stream  static  pressure  in  the  peripheral  annular  zone  of  base  region. 
Thus,  the  analysis  is  to  be  improved. 


Fig. VI. 3.  Dependence  of  base  pressure 
on  the  ratio  of  the  area  of  the  nozzles 
and  the  distance  between  the  nozzles  for 
a  four-nozzle  unit  in  chocking  condi¬ 
tions  for  the  base  region  J)Goethert(  1 961  )J 
(dashed  line  corresponds  to  contact  of 
tht  nozzle  walls;  R^/R — is  the  ratio  of 

nozzle  radius  to  the  radius  of  the  unit; 
p.p/p*. —  is  the  ratio  of  base  pressure 

of  the  stream;  S/C* —  is  the  ratio  of  the 
exit  section  of  the  nozzle  to  the  critical 
section) . 
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For  tnis  purpose,  a  closed  nozzle  unit  is  considered  as  an  equivalent 
single  ring  nozzle  whose  internal  diameter  is  equal  to  the  diameter  of 
a  circle  passing  through  the  nozzle  axis  and  the  external  diameter  is 
determined  assuming  that  the  exit  section  of  the  ring  nozzle  equals 
naif  the  total  of  the  exit  sections  of  all  nozzles  in  the  actual  unit. 


I'he  parameters  in  the  peripheral  annular  zone  of  the  hose  region  may 


:e  computed  similarly  by  taking  into  account  a  certain  additional  gas 
quantity  coming  into  the  internal  zone  compared  to  the  case  of  single 


nozzle.  For  the  completion  of  the  solution,  mass  balance  of  both  zones 


in  the  base  region  must  be  considered  (steady  flow).  After  achieving 

flight  conditions  at  which  the  gas 


flow  rate  between  the  regimes  cor¬ 
responds  to  the  speed  of  sound,  the 
pressure  change  in  the  internal  zone 
may  not  occur  by  further  increasing 
the  altitude  and  in  the  peripheral 


Fig .VI. 4.  A  comparison  of  cal¬ 
culated  values  of  tase  pressure 
f or  the  SA-1  Saturn  first-stage 
rocket  and  the  results  of  flight 
tests  of  the  rocket  [  Dixon  and 
Page( 1 966) J  (dashed  lines — re¬ 
sults  of  flight  testing,  solid 
line — calculation,  dashed-dotted 
line — external  pressure). 


zone  after  this,  the  pressure  decreases 
continuously.  Dixon  and  Page  (1966) 
compared  some  of  the  predicted  base 
pressure  for  3A  -  1  rocket  with  data 
of  the  flight  and  model  testing  in  two 


zones  of  a  first  stage  as  shown  in  Fig. 


7T  .4. 


When  the  flows  join  a  shock  wave  occurs  and  causes  pressure  rise  of 
cold  gas  in  the  boundary  layer  and  its  reverse  flow.  Sizov  (1970)  pre¬ 


dicted  the  base  pressure  not  only  in  the  chocking  regime  of  the  te.se 


region  but  also  for  the  weak  reversed  flow  considering  the  constancy 
of  mass  circulating  in  the  region  C+  =  G  where  C-+  is  mass  inflow  rate 
in  the  base  region  due  to  interacting  stream  and  G  is  outflow  rate 
from  the  base  region. 

Hall  and  fueller  by  using  a  model  of  a  near  wake  behind  a  body 

studied  the  irregularity  of  the  flow  and  effect  of  the  base  injection 
on  the  base  pressure  and  thrust  for  separated  annular  flow.  Analyti¬ 
cally  and  experimentally  the  flow  rate  for  nozzles  with  different  cent¬ 
ral  bodies  and  the  effect  of  parameters  of  external  medium  were  deter¬ 
mined. 

2.2  Integral  Method 

Gogish  and  Stepanov  (1971)  analyzed  the  problem  of  flow  interaction  of 
two-dimensional  (j  =  0)  and  axisymmetric  (j  =  l)  quasi-uniform  stream 
and  uniparameter  wake  by  the  following  system  of  six  inviscid  flow  equ¬ 
ations. 


dy0/<ix  = 

vo/u  i 

(1) 

dyi/dx  = 

vi  /u  ; 

(2) 

.  ( 

.  j  yJ0 

(3) 

dx 

’  tT) 

^  voK-(i'¥)  y^v3[rM2-(i-5-)]yj 
U+i) - 

15- 


da  _ 
dx 
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(5) 


2k. 


dv 


o 

dx 


*o  >■  *(yfn-y?‘) 


dv., 


dx 


( j+l)  L.  5  {JUlL1± 
u  ;  ai  *  M(yr 


j+i- 


ys  ) 


and  two  equations  for  a  wake 

3  inH  dm  +  -  ( 2  +  H  -  K?)] 


dlnf 


"2)  m  dx 


dx 


dx  (l-m)(l-C2)  ^ 


(  j+0(_ak)- 


where 


H  =  ,  H*  =  (  y-  )  =  .(j  ♦  1)  f  (1 

o  V  u* 


is  ratio  of  thickness  of  displacement. 


H**  = 


(4)3"1  -0*D  f 

®  J  i/u<f  u<; 


is  ratio  of  momentum  thickness 

m  =  (uS  -uo)  /  u/  ,  *  * 


(6) 


(7) 

¥ 

(H*) 

6* 

(8) 

u  and  v  are  longitudinal  and  lateral  components  of  velocity;  indices 


o  and  1  apply  to  the  parameter  on  the  axis  and  on  the  boundary  of  the 


d  6 ' 


stream.  Tn  equation(7)  and  (8)  one  must  assume  /  *  -  yQ  and  - 


dy 


-1/2 


—  =  —  ;  C  =  u/u  =  M  (jt  +  M  ’) 
dx  u  '  max  “-1 

of  the  external  flow  on  the  boundary  layer  of  the  wake; 


is  the  ratio  of  velocity 
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r  2  1) 

71  =  (1  -  cc)  =  (_  1  +  M  (r-l)/2  ;  V  =  AlVl+  <x>2v2 * 

for  an  annular  stream  ©t  =  (y1+2yo)/3(y1+yQ)  =  l/3-l/2;  <*  *  (2y1+yo)/ 

3(1^  +yo)  -  2/3  -  l/2;  for  a  two-dimensional  stream  o<0  =  =  1/2. 

The  initial  conditions  are  known  in  the  x  =  o  cross  section. 

One  must  add  additional  equations  to  tne  system  of  equations 
for  an  inviscid  stream  in  order  to  determine  length  (surface)  of  ex¬ 
ternal  and  internal  boundaries  of  an  inviscid  stream! 

dS;  .  f  v0  ? 

-  (j+0  y£  1/  i+(  — )  (j+0  .  i  =  o.i,  (9) 

necessary  for  calculating  the  thickness  of  a  stream  of  a  turbulent 
mixing  layer. 

The  initial  conditions  of  a  near  wake  are  defined  from  condi¬ 
tions  of  attachment  of  an  isobaric  flow  of  mixing  in  the  base  region 
with  the  flow  of  interaction  in  the  ware.  When  calculating  a  turbu¬ 
lent  layer  of  mixing  behind  an  axisymmetric  face,  one  must  begin  from 

these  same  approximate  relationships  which  in  a  two-dimensional  flow, 

d  F 

are:  profile  of  velocity  in  the  mixing  layer  is  universal!  ^  =  b(C), 

where  f  =  (j  +  l)y^  <f  —  is  the  area  (thickness)  o'"  the  cross  section 
of  the  mixing  zone;  b  —  is  the  mixing  coefficient. 

Conditions  of  continuity  /  and  J  *  in  the  attachment  section 
and  conservation  of  mass  in  the  stagnant  area  are  described  in  the 
form 
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(10) 


y^+1(x)  +  b’s0(x)  [  1  -  H*(l,C,0)]~  <fj+1 
yj+1(x)  =  6  J+1H*  (m.C.j)  (ll) 

J"5*1  (m.C.j)  =  (l-B)b  H**(l,C°,0)So(x)  (12) 

where 

B  ~  (  fu)./(  f  u)°bV*  (l,C°,0)So(x) 

lj*(m) 

(m.C.j)  =  -(j+1)  f  "^’d^  .  f(  ?*)  =  m"1 

o 

X  .  / - ~0~^  X  . 

s*(j+D  f  yj  /  1  +  (  T  ^  ix~(j+D|  yjdx 

o  o 

is  the  area  (length)  of  the  ejected  surface  of  the  stream. 


Relative  integral  thicknesses  are  expressed  as  a  function  of 
three  arguments:  form- parameter  m  derived,  velocity  C  and  parameter  j. 

From  equations  (10) — (12),  it  follows  that  the  initial  value  of 
the  form  parameter  m°  is  defined  depending  on  the  magnitude  of  C°  from 
equation. 

1  -  H*  (m.C.l)  _  1  -  H*  (l.C.O) 

(m,C°,l)  H**(1,C°,0)(1-B) 


and  coordinate  x  =  x  of  the  cross  section  of  adhesion  from  equation 
j+1 

—  -  b(C°)  H*  (m,C°,l)  t— -H*(UC  ^  =  0  (13) 

b°  1  -  H*(m,C°,0) 


Calculation  of  flows  of  interaction  is  carried  out  in  two  parts. 
First,  for  a  given  magnitude  of  base  pressure  pfa,  integrating  of  the 
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equation  (l)  -  (6)  for  inviscid  flow,  the  flow  on  the  isobaric  section 

downstream  of  the  body  up  to  the  attachment  section  is  determined  by 

eq.(l3)-  Then,  by  integration  of  the  same  equations,  the  flow  in  the 

interaction  region  is  computed.  The  actual  value  of  the  base  pressure 

p  and  the  actual  flow  in  the  interaction  region  are  determined  by  the 
b 

condition  of  passage  of  integral  curve  through  a  particular  point  (wake 
neck) . 

't  is  well-known  that  the  numerical  particular  solution  of  equations 
lor  the  neighborhood  of  the  saddle  of  a  particular  point  whose  position 
is  to  be  fixed  during  the  calculation  is  difficult.  However,  in  prac¬ 
tice  it  is  adequate  to  set  up  two  non-specific  solutions  relating  to 
different  families;  the  difference  of  their  base  pressure  values  is 
smaller  than  the  prescribed  value  of  (p^/p^)^  =  (pt/p0B.)2  <  10  . 

Fig. VI. 5  shows  integration  using  the  Runge  -  Kutta  method  for  two  di¬ 
mensional  flow  of  m  =  3.  y  =  l ,  y,  =  2,  0  =  -  o.i ,  b,  =  o.i  p/p  =o.b 
(p  is  pressure  at  nozzle  exit)  for  various  pfa  values. 

Commas  in  Figure  VI. 5  are  equivalent  to  decimal  points  . 


Fig. VI. 5.  Change  in  the  parameters  of  a  viscous 
layer  (a)  and  contours  of  inviscid  streams  (b). 
[Shvets  and  Shvets  ( 1976) J 
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The  lower  flow  boundary  yQ(x)  in  the  interaction  region  corresponds 

* 

to  the  displacement  thickness  J  (x). 

Non  -  specific  integral  curves  in  Fig. VI. a  do  not  correspond  to  any 
kind  of  actual  flow  and  all  curves  begin  on  a  line  of  initial  data, 
(with  absence  of  injection  B=0).  The  right  branches  end  on  a  maximum 
-  line  determined  by  condition  of  A(m,C)  -  0;  the  left  branches  are 
limited  conditionally  and  adequately  by  elongated  section  x  =  10  ;  for 
this  the  solution  has  physically  unrealistic  peculiarities.  From 
Fig. VI. 5,  it  is  seen  that  there  are  two  prescribed  initial  conditions 
for  particular  curves.  These  two  special  curves  are  drawn  as  the  aver¬ 
age  between  the  non  specific  relating  to  two  different  ‘amities  and 
.these  non  specific  curves  have  been  close  to  each  other.  Correspon¬ 
ding  to  them  two  specific  flows  of  interaction  are  sketched  in  Fig. VI. 6 


Fig.vr.6.  Two  steady  flows  of  interactions 
[Stepanov  and  Gogish  (1973)J 

a--Pt/p«  =  °-375;  b-Pt/p^  =  0.55. 


The  existence  of  two  values  in  the  interaction  flow  in  a  given  case 
indicates  the  possibility  of  quasi-steady  oscillation  with  amplitude 

2  [  (Pt/Poo  )2  -  (Pt/Po,  )J  /  [(PtA*  >2  *  ( Vp~  }l]  * 


0.4. 


Numerical  evaluations  of  performance  characteristics  of  a  plug  nozzle 
jet  flow  with  an  additional  secondary  jet  injection  in  the  base  were 
intensively  investigated  recently,  but  this  complex  flow  phenomena  is 
not  well  understood. 

It  is  known  that  the  viscous  effects  play  a  major  role  in  these  plug 
nozzle  jet  flowfields  interacted  by  the  secondary  injected  jet. 

However,  if  the  mixing  effect  does  not  modify  the  inviscid  flowfield 
extensively,  the  dissipative  region  can  be  simply  superimposed  on 
the  inviscid  flow  pattern.  Lee  (1966)  analyzed,  using  the  aerodynamic 
plug  nozzle  flow  schematic  shown  in  Fig. VI. 7,  the  gas  dynamic  struc¬ 
ture  of  jets  from  plug  nozzles. 

The  aerodynamic  plug  noz¬ 
zle  flowfield  is  charac¬ 
terized  by  two  sets  of  a 
boundary,  external  and  in¬ 
ternal  and  shocks,  upper 
and  lower  downstream  of 
the  nozzle.  Behind  the 
intersection  of  upper  and 
lower  shocks,  two  reflected 
shocks  and  a  slip  stream 
occur.  A  numerical  scheme  for  solving  this  part  of  the  flow  field  has 
been  presented  by  Der  et  al  (1963). 

As  a  first  approach  [Lee  ( 1966) J  an  inviscid  solution  for  the  primary 
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Fig. VI. 7.  Aerodynamic  plug  nozzle 
flow  schematic.  [  Lee  (1966) J 


and  secondary  flow  is  obtained.  The  computer  program  starts  at  the 


nozzle  throat,  where  that  flow  is  assumed  to  be  uniform,  using  Prandtl 
Meyer  equations  at  slightly  supersonic  M  =  1.05.  The  primary  super¬ 
sonic  properties  axe  determined  by  using  the  characteristic  method. 

The  gas  properties  at  the  lip  of  the  shroud  and  at  ‘re  corner  of  the 
plug  are  evaluated  by  the  Prandtl-Meve:  relations  and  tne  secondary- 
flow  properties  are  determined  tv  ore-o : a.es.s i ora  1  .sentropit  equations. 
The  f'lowf ield  points  are  coupled  a lon<  :  ight  "unni.-ig  rnaracteristies 
until  the  last  one  originating  from  the  nozzle  lip  is  completed  or  the 
flow  behind  the  lower  shock  becomes  sunsonli  .  Then,  the  upper  f  ield 
points  are  computed  along  the  left  running  characteristics  'until  the 
upper  shock  meets  the  lower  one. 

If  a  secondary  flow  is  injected  in  the  plug  base,  the  solution  for 
boundary  points  between  the  primary  and  the  secondary  flow  must  be 
iterated  in  order  to  determine  a  common  static  pressure.  The  proce¬ 
dure  starts  by  computing  the  secondary  sonic  area  A*  based  on  the  given 
total  pressure,  total  temperature,  ratio  of  specific  heats  and  the  mass 
flow  rate  of  the  secondary  flow.  8v  knowing  the  initial  value  for  the 
boundary  coordinate  at  point  B  (Fig. VI. 7),  the  cross-sectional  area 
car  be  determined  by  the  characteristic  method.  The  Mach  number  of 
the  secondary  flow  can  be  evaluated  by  successive  approximation  using 


the  following  equation 


■  i  t< 


>  ( 1 


(r+i)/2(jr-l) 


The  static  pressure  of  the  secondary  flow  is  determined  by  isen tropic 


relations  and  the  flow  properties  of  the  primary  flow  at  the  boundary 


are  computed  based  on  the  given  boundary  static  pressure.  All  these 
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flow  properties  are  considered  as  the  second  approximations  for  the 
computations . 

Lee  (’.966)  used  for  simplicity,  a  nozzle  of  arbitrary  design  with  ex¬ 
pansion  ratio  V.t,/knr  of  ff.  where  R  and  are  the  radius  of  a 
nozzle  snroud  and  a  nozzle  throat  area  respectively.  The  throat  in¬ 
clination  angle  of  4r°,  and  the  nozzle  wall  is  made  up  of  a  45°  straight 
lir.e  *c  irrest irate  the  variation  of  a  ;  lame  shape  affected  by  an  am¬ 
bient  pressure  and  a  secondary  total  pressure  as  shown  in  PigVT.Ba  and 


*  r  <V.\ 


The  >t  exhaust  from  a  plug  nozzle  exhibits  a  periodic  structure  simi¬ 
lar  to  that  from  a  converging-diverging  nozzle.  If  the  ambient  pres¬ 
sure  decreases,  the  pet  boundary  expands  farther  from  the  axis  and  the 
jet.  wave  length  decreases.  The  result  indicates  that  the  ambient  pres- 
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sure  has  very  little  effect  on  the  secondary  flow  as  long  as  the  noz¬ 
zle  is  an  overexpanded  one.  As  shown  in  Fig. VI. 8b,  if  the  secondary 
flow  total  pressure  increases  the  jet  flow  is  pushed  outward,  the  wave 
length  of  the  jet  decreases,  but  the  jet  external  boundary  remains 
the  same.  When  the  total  pressure  of  the  secondary  flow  is  about  dou¬ 
bled,  the  length  from  the  nozzle  tip  to  the  shock  intersection  is  about 
half,  indicating  that  the  total  pressure  is  a  dominant  parameter  in  the 
jet  feature. 


3-  Experimental  Study  of  Annular  Jet 

If  a  set  of  jet  nozzles  is  closely  arranged  round  the  circumference  of 
body  base,  then  at  certain  operating  modes  the  flow  behavior  is  similar 
to  an  annular  jet.  Annular  nozzles  have  advantages  compared  to  Laval  noz 
zles.  For  example,  thrust  loss  is  smaller  at  over  expansion  operating 
modes  and  it  is  more  convenient  to  lay  out  in  the  body  base.  Greatly 
shortened  annular  nozzles  are  very  useful  in  various  practical  applica¬ 
tions  and  for  the  determination  of  the  thrust  of  such  nozzles,  it  is  ne¬ 
cessary  to  study  the  separated  flow  at  the  base  of  the  centerbody .  A 
number  of  experimental  investigations  of  an  annular  flow  involving  se¬ 
paration,  i  shock  interaction  as  well  as  mass  addition  etc.  are  available 


1  .  era rated  :«  low 

•;  .■>  -,rsr.  ’  v  t  s  !  i  from  ax  I  symmetric  nozzles  at.  t.he  Kach  ’lum- 

„  •  4  ,•  <  •  and  .  >  .•*»•«’  described .  The  ratio  o ■'  the  annular 

r  ;  i  ■>  area  to  the  overall  base  war.  3h .  *Tf  . 

pr*-. -tire  d  istri  Uition  over  the  -er.tral  part  of  the  nozzle 
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was  nearly  constant.  The  relative  base  pressure  P-^/P^  measured  at 
the  central  point  of  the  nozzle  base,  in  a  function  of  the  jet  off- 
design  x'low  ratio  n  =  p  /p  (p  is  static  pressure  at  the  nozzle 

3.  3. 


Open  Closed 


Fig. VI. 9.  Base  pressure  and  flow  parameters  on  the  wake  axis. 

(1)  Hi  =  1.35.  (2)  2,  (3)  2.5.  (4)  3.1.  (5)  3-6,  (6)  calculated, 

Mj  =  2,  [Stepanov  and  Gogish  ( 1 973) J  •  (7)  =  3.  [Stepanov  and 

Gogish  (1973)1  .  (8)  positions  of  the  point  p  .  M,  =  2,  (dl 

min,  x 

positions  of  the  point  M5=2.  (10)  position  of  the  stagna¬ 

tion  point,  (11)  Mj  =  2,  M  =  2,  (12)  Kj  =  2,  M  =  3. 

[Shvets  (1978)]  . 


exit)  is  shown  in  Fig. VI. 9.  With  the  increase  of  an  off  design  ratio, 

■  he  base  pressure  decreases  initially  and  at  larger  M  .  ‘he  pressure 

P 

curve  tseoon.es  lower,  for  each  M  ,  there  exists  a  critical  value  of  r. 
the  o'  .-design  ratio  at  which  the  instantaneous  change  f roir.  a  de¬ 


cease  to  an  increase  oi  pressure  in  a  change  of  regime  as  n  increases 
(K,  =  1.35.  2,  .  .  3 - 1 .  3-t,  n°  -  3.  1-8,  3.5,  1,  0.9  respectively). 


1  .35 


The  reduction  of  the  pressure  corresponds  to  an  "open"  base  region 
while  the  increase  to  a  "closed"  one. 


The  base  pressure  reaches  its  minimum  value  just  after  closing  which 
takes  place  if  the  supersonic  jet  regions  mutually  interact.  After 
closing,  the  base  region  is  entirely  surrounded  by  the  supersonic  flow, 
and  the  jet  pressure  is  proportional  to  the  pressure  in  the  injection 
settling  chamber  and  does  not  depend  on  the  surrounding  pressure. 

Fig.. '1. 9  shows  the  base  pressure  in  a  function  of  an  off-design  ratio 
and  the  Mach  number  at  the  nczzle  exit  (where  flow  is  assumed  uniform 
and  parallel  to  the  center  line)  computed  by  Stepanov  and  Gogish  (1973) 


compared  with  experimental  data.  For  the  nozzle  M.  =  2  in  the  open 
base,  the  computed  values  are  larger  than  experimental  data  whereas 


in  the  closed  base  smaller. 


Intense  oscillations  of  the  jet  structure  were  observed  from  the  pho¬ 
tographs  taken  by  a  high  speed  camera  as  the  mass  flow  rate  was  changed 
The  values  of  pressure  and  n°  vary  by  10  -  20 %  when  approaching  n°  from 
above  or  from  below  the  critical  value.  The  hysteresis  is  related  to 
the  history  of  the  flow  state  change  when  passing  from  one  stable  state 
to  other.  The  possible  existence  of  quasi-stationary  oscillations  and 
an  approximation  ol  the  hysteresis  region  was  indicated  by  Stepanov  and 
Gorish  (1973)-  Intense  pressure  pulsations  during  the  changes  of  the 
: low  regime  were  also  observed  on  multinozzle  arrangements  and  with  a 
disk-shaped  nozzle  by  Gogish  (1969). 

The  measurements  of  the  static  and  the  pitot  pressure  of  the  reverse 


low  indicate  that  the  stagnation  point  approaches  the  nozzle  base  as 


the  off-design  ratio  is  increased. 

The  dimensions  of  the  jet  and  separated  zone  were  determined  by  an 


optical  flow  visualization  and  shown 
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Fig. VI. 10.  Relative  dimensions  of 
the  jet  and  the  separation  zone, 

Mj-3.6  U’^/D,  d-=d/D).  (1)  d*.  Mj- 
3.6,  (2)/',  Mj=3.6,  (3)  dj,  Mi=3.6, 
Wiy  Mr3.6,  (5)di.  Mi=3.6,  (6) 
f 4’  Kr3.6,  (7)/i,M1=2,  (8)/[,  Mj® 
3-1.  (9)  J[,  M1=3-6. 

[Shvets  (1978)] 

,  £j')  is  similar,  although  at  n 
second  contraction  cell  disappears, 
the  throat  of  the  complete  jet  (d^'  , 


in  Fig. VI. 10.  In  the  zone  of 
an  annular  jet,  a  toroidal 
circulatory  flow  is  formed  which 
ends  with  a  contraction  recall¬ 
ing  the  wake  neck.  The  contrac¬ 
tion  or  necking  formed  by  the 
first  cell  (d^  ,  ^  ')  at  small 
deviations  from  the  design  flow 
ratio  has  a  diameter  close  to 
that  of  the  centerbody.  By  in¬ 
creasing  the  off-design  ratio 
about  n  =  0.4,  the  first  con¬ 
traction  and  its  downstream  dis¬ 
tance  decrease  and  this  process 
is  very  intense  close  to  n°. 

The  effect  of  the  off-design 
ratio  on  the  second  contraction 
c:  0.8  fiowfield  changes  and  the 
\s  the  off-sign  ratio  increases, 
i ')  becomes  large  and  moves  away 


from  the  base.  Therefore,  it  may  be  said  that  the  behavior  of  the  inner 
and  onter  boundaries  of  the  annular  jet  with  an  off-design  ratio  change 
is  different.  If  for  the  inner  boundary  the  state  of  flow,  in  particular 


whether  the  base  is  open  or  closed,  is  the  determining  factor,  the 
outer  boundary  varies  like  a  jet  exhausting  from  a  Laval  nozzle 
as  the  cuter  pressure  decreases  the  boundary  moves  from  the  axis  and 
increases  the  cell  length. 


3 .  ?  Shock-Wave  Interactions 

The  main  difference  between  the  supersonic  annular  jet  and  the  conti¬ 
nue  us  circular  is  found  in  the  existence  of  two  states  of  flow,  with 
open  and  closet  regions.  The  distinct  feature  of  the  annular  jet  is 
the  existence  of  different  pressures  on  its  inner  and  outer  boundaries. 
Due  to  these  factors,  the  field  is  considered  with  a  system  of  com¬ 
pression  and  rarefaction  waves,  differing  for  the  inner  and  the  outer 
part  o:  the  jet  flow.  From,  the  relationship  of  off-design  ratio  and 
outer  pressure,  it  is  seen  that  the  flow  states  lor  which  the  jet  will 
be  expanded  relative  to  the  outer  flow  and  underexpanded  relative  to 
the  inner  flow  are  possible. 

The  geometrical  configuration  of  the  jet  and  shock  changes  abruptly 
when  the  regimes  change  and  outer  barrel  shocks  rorm  the  Mach  wave  con¬ 
figuration.  With  increase  of  off-design  ratio,  the  Mach  disk  so  formed 

moves  away  from  the  nozzle  and  for  Ml  .  =  2  and  n  =  ?.5  the  outer  and 

J 

inner  shocks  intersect  regularly  at  first  while  at  higher  values  a 
Mach  interaction  of  reflected  outer  shock  waves  occurs.  For  jet  flows 
of  M.  r  3-5  and  3 -c  at  n°  =  1.0  and  0.9,  the  outer  and  inner  barrel 
shocks  interact  regularly  after  the  change  of  the  regime.  Approaching 
to  n°  the  expansion  wave  leads  to  a  sharp  decrease  of  the  recircula¬ 


ting  zone  pressure.  For  all  nozzles  tested,  in  the  over  critical  rlow 
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An  increase  of  the  Mach  number  up  to  0.9  is  accompanied  by  a  pres¬ 
sure  drop  while  by  further  increasing  velocity,  the  pressure  is  also 
increased . 

The  base  pressure  within  the  nozzle  varies  similar  to  the  case  of  no 
bleed  (n  =  0) ,  an  increase  of  the  off-design  ratio,  producing  a  gen¬ 
eral  pressure  reduction.  For  this  type  of  flow,  no  change  of  the 
flowfield  is  noticed.  The  second  type  of  flow  corresponds  to  an  over 
expanded  jet  with  a  pressure  recovery  by  means  of  a  system  of  Mach 
waves  or  regular  waves  (n  =  0.6  -  0.8).  A  change  of  the  external  flow 
velocity  from  M  =  0.3  -  0.9  caused  a  sharp  drop  of  the  base  pressure 
accompanying  a  change  from  an  open  to  a  closed  type  of  base  flowfield. 
•The  base  Tow  remains  closed  up  to  M  ~  1.1  and  a  further  velocity  in¬ 
crease  leads  to  a  second  change  of  the  jet  flowfield,  from  the  closed 
base  pattern  to  the  open  one,  with  a  rapid  increase  or  the  base  pres¬ 
sure.  The  third  tvpe  of  'low  r-lose  to  the  design  condition  (n  =  0.9  - 
1 .0)  is  characterized  by  small  base  pressure  changes  for  the  whole 
range  of  external  flow  velocities  investigated.  This  can  be  explained 
by  the  closing  of  the  base  flow  at  n  ^  0.9  for  an  M.  =  3-6  nozzles, 
as  a  result  of  which  the  base  pressure  is  completely  determined  by  the 
parameters  of  the  out  flowing  jet. 

The  limiting  conditions  between  the  open  and  closed  base  flow  regimes 
were  determined  from  the  optical  study  and  pressure  measurements  shown 
in  Fig.  VI .  b. 

The  closure  of  the  base  flow  region  in  the  transonic  flow  range  of  off- 
design  ratios  close  to  the  critical  value  may  be  reasoned  as  follows  •. 
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At  transonic  external  flow  velocities  a  local  supersonic  zone,  limited 
at  the  jet  neck  by  a  compression  shock,  appears  close  to  the  nozzle 
exit.  The  pressure  in  this  region  is  lower  compared  to  that  of  sur¬ 
rounding  flow.  Therefore,  a  local  off-design  ratio  larger  than  the 
specified  one  is  induced  and  so  reaches  n°,  which  in  turn  leads  to  the 
closure  of  the  base  region  at  lower  values  of  n°  than  for  outflow  into 
an  open  space.  An  increase  of  the  outflow  velocity  is  accompanied  by 
a  transition  to  a  fully  supersonic  flow  pattern  with  a  supersonic  velo¬ 
city  behind  the  closing  shock.  A  compression  shock  occurs  upstream  of 
the  first  jet  cell  and  the  pressure  on  the  separation  surface  increases. 
Therefore,  for  a  given  off-design  condition  the  actual  local  value  on 
n  will  be  smaller  than  n°  and  the  base  flow  opens  up. 

Let  up  consider  now  the  flow  in  a  jet  discharged  into  a  supersonic  flow. 
Similar  to  the  case  of  the  outflow  into  the  infinite  space  the  pressure 
distribution  over  the  nozzle  base  is  nearly  constant  as  shown  in  Fig. VI. 9. 
The  relation  Pb/pa  =  f  (p*,/pa)  where  Pa  is  static  pressure  at  the  nozzle 
exit  from  experiments  and  Stepanov  and  Gogish's  (1973)  predictions  for 
outflow  into  an  infinite  space  and  a  parallel  flow  are  given  in  Fig. VI. 12. 

In  the  open  base  flow  region  Pb/Pa  Is  nearly  linearly  dependent  to  p^/p^. 
Approaching  to  the  regime  change,  the  slope  of  curves  increases  sharply 
and  in  the  case  of  closed  flow  regimes  the  ratio  of  P-^/p&  remains  cons¬ 
tant.  Fitot  pressures  and  flow  patterns  determined  from  the  schlieren 
photographs  are  shown  in  Fig.VI.13. 
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The  region  of  constant  pres¬ 
sure  in  the  jet  center  corres¬ 
ponds  to  the  reversed  flow  zone. 
With  increase  of  the  off-design 
ratio,  the  maximum  pressure  re¬ 
gion  in  the  jet  appraches  the 
axis.  The  rearrangement  of  the 
flow  is  accomplished  by  a  sub- 


Fig.VT  .12.  The  relation  -r(P«*  /pa) 

(1)  Mt=1.35.  M=0.  (2)  Mt=2,  M=0.  (3) 
M1=2.5,M=0,  (4)  M1=3.1.  M=0,  {<)  ^=3.6 
M=0,  (6)  Mt=3.6,  M-0.5t  (7)  ^=3-6, 

H=0 . 7 i  (8)  Mt=2,  M=2.  (9)  M1=2,  M=3, 

(10)  calculated  values,  M^=2  [  Stepanov 

and  Gogish, (1973)J  .  (U)  Mt=3  [Stepa¬ 
nov  and  Gogish,(l973)]  •  [Shvets  (1978)] 


stantial  decrease  of  the  reverse 


flow  region  and  in  the  closed 
base  flow  regime,  the  pitot  pres¬ 


sure  in  the  flow  near  the  axis 


increases  and  the  jet  boundaries 
expand . 
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Fig. VI. 13.  Pitot  pressure 
measured  in  the  base  region 
behind  an  annular  jet  (M^  - 

2,  M=3).  - ,  flow  features 

from  Schlieren  photographs, 
p^  — Pitot  pressure  in  free 
jet  for  n=l  (calculated). 

L Shvets  (1978)3 


4.  Fluctuations  in  the  Separation  Zone 


Base  pressure  fluctuations  depend  on  a  number  of  factors  such  as 
quasi-steady  changes  of  the  flow  regime  in  multinozzle  arrangements 
or  annular  jets,  the  a^-onstic  jet  radiation  and  non-stationary  flow 
in  the  base  region  etc.  In  this  section  only  the  base  pressure  os¬ 
cillations  affected  by  non-stationary  base  flew  are  described. 
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Fig.VI.l4.  Dependence  of  the 
coefficient  of  thrust  of  a  24- 
nozzle  model  on  its  height  (a) 
and  relative  thrust  on  the  de¬ 
gree  of  shortening  of  the  cen¬ 
tral  body  L  =  //d  (b)fNigdal 
et  ai  (1964)3  : 

1 — ring  nozzle,  L  =  0,3;  ? — 
annular  binding  L  =  0.35;  3“ 
Laval  nozzle;  4 — p^  =  0. 


4. 1  Plug  Nozzle 

A  comprehensive  presentation  for 
a  plug-nozzle  is  given  by  John(l973) 
as  follows; 

The  plug  nozzle,  a  relatively  new 
development  in  jet  propulsion  sys¬ 
tem  which  essentially  replaces  the 
diverging  portion  of  a  conventional 
supersonic  nozzle  with  a  Prandtl- 
Meyer  expansion  so  as  to  increase 
the  off-design  performance  of  the 
nozzle.  The  plug  nozzle  is  a  device 
which  is  intended  to  allow  the  flow 
to  be  directed  or  controlled  by  the 
ambient  pressure  rather  than  by  the 
nozzle  walls,  and  in  this  nozzle 


supersonic  flow  is  not  confined  within  solid  walls  but  is  exposed  to 
the  ambient  pressure.  Thus,  the  expansion  along  the  plug  is  controlled 
by  the  back  pressure  whereas  the  converging-diverging  nozzle  expansion 
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is  controlled  by  nozzle  geometry. 

The  design  condition  of  a  plug  nozzle  is  to  ensure  the  final  expan¬ 
sion  wave  intersects  the  plug  axis  at  the  design  pressure  ratio. 
Therefore,  under  this  operating  condition,  the  pressure  at  the  plug 
wall  decreases  continuously  from  the  throat  pressure  to  ambient  pres¬ 
sure  just  as  with  the  converging-diverging  perfectly  expanded  nozzle. 
For  the  under  expanded  case,  the  operation  of  the  plug  nozzle  is  simi¬ 
lar  to  that  of  the  converging-diverging  nozzle. 

The  major  advantage  of  the  plug-nozzle  is  expected  for  the  over  ex¬ 
panded  operation.  This  fact  is  significant  because  for  a  rocket  noz¬ 
zle,  for  example,  accelerating  from  a  sea  level  up  to  design  speed  and 
altitude  must  pass  through  the  over  expanded  regime. 

The  pressure  along  the  plug  surface  does  not  decrease  below  ambient, 
so  there  is  no  negative  thrust  due  to  pressure  difference.  Thus,  the 
plug  nozzle  provides  an  improved  thrust  over  the  converging-diverging 
nozzle  for  the  over  expanded  case.  A  simple  cone  of  up  to  40°  half 
angle  can  be  used  without  undue  loss  in  thrust  performance.  Thus,  the 
plug  nozzle  has  the  further  advantage  of  being  short  and  compact. 
However,  one  major  problem  with  the  plug  nozzle  is  that  of  design  to 
withstand  the  high  temperature.  For  example,  in  the  exhaust  gases  of 
rocket  engine. 

The  plug  cluster  nozzle  designed  with  closely  spaced  units  has  perfor¬ 
mance  levels  and  characteristics  identical  to  the  annular  plug  nozzle. 
Severe  truncation  of  the  plug  causes  little  or  no  less  in  performance. 
The  cluster  arrangement  is  more  than  12  units.  Migdal,  Horgan  and  Cha- 
may  (1964)  found  that  a  simple  geometric  relationship  combined  with  a 


well-known  isentropic  relationship  connecting  the  Prandtl-Meyer  angle 
to  increase  in  the  area  ratio  from  to  6C  is  quite  useful  to  in¬ 
dicate  the  practical  range  for  a  cluster  arrangement.  The  symbol 
refers  ratio  of  all  clustered  nozzle  exit  areas  to  total  area  of  throat 
and  &N  refers  to  throat  area  of  a  single  nozzle.  Then,  in  general, 
it  mav  be  assumed  that 

eje-N  =  (  f  *  cos  e  )2  /  n 

where  N  is  the  number  of  the  unit  and  9  is  the  unit  nozzle  inclination. 
For  example,  a  typical  rocket  motor  with  ^  =  40  and  =  75  re¬ 
quires  44  units  and  a  27°  inclination  angle  if  axial  flow  at  is 

desired.  If  the  number  of  units  is  smaller,  the  difference  between  €rN 
and  is  small  and  the  individual  nozzles  are  directed  almost  axially 

resulting  the  total  thrust  essentially  as  the  sum  of  the  individual  noz¬ 
zle  thrust.  Migdal  et  al  (1964)  experimental  data  was  obtained  with 
high-pressure  cold  dry  air.  The  contours  of  the  plug  were  designed  by 
the  axisvmmetric  method  of  characteristics  assuming  the  annular  flow  and 
the  individual  units  were  truncated  perfect  nozzles. 

Axial  and  lateral  forces  were  measured  directly  and  the  weight  flow  com¬ 
puted  with  a  calibrated  bell-month. 

A  comparison  of  the  off-design  characteristics  of  the  cluster  and  annu¬ 
lar  plug  nozzle  is  shown  in  Fig. VI. 14- ,  demonstrating  the  ability  of  the 
plug  nozzle  to  adjust  to  the  back  pressure  and  similar  performance  of 
an  annular-and  clustered  plug  nozzle. 

The  performance  parameter  ^  (Migdal  et  al  denotes  by  C  )  is  the  ratio 
of  measured  to  an  ideal  thrust  calculated  from  the  measured  weight  flow 
and  isentropic  expansion  to  ambient  pressure.  The  nozzle  were  tested 
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with  several  plug  lengths  obtained  by  truncating  the  full-length  de¬ 
sign  contour .  The  drastic  reductions  in  the  plug  length  have  little 
or  no  effect  on  performance  as  shown  in  Fig. VI. 14b. 

The  effect  of  spacing  between  the  units  of  the  cluster  were  evaluated 
by  blocking  the  flow  through  several  nozzles  but  providing  symmetric 
configurations  of  12  and  8  operating  units.  The  results  indicate  that 
a  large  gap  between  nozzles  causes  an  appreciable  performance  loss  and 
this  loss  is  due  to  the  depressurization  of  the  base  a-ea  between  units. 
A  change  in  plug  contour  eliminated  this  loss. 

Test  results  of  vectoring  by  throttling  units  show  that  by  increasing 
the  plug  length  the  effectiveness  of  vectoring  decreases.  Thus,  the 
longer  the  plug  acts  as  a  flow  diverter  rearranging  the  initial  asym¬ 
metric  flow  back  to  an  almost  uniform  ‘low  in  the  axial  direction.  The 


test  of  gimballing  indicates  that  large  angular  movements  are  required 
to  obtain  the  significant  side  forces  but  gimballing  a  portion  of  the 
plug  appears  to  be  relatively  inefficient.  Particularly  since  that  por¬ 
tion  or  the  plug  which  is  gimballed  can  be  removed  with  no  loss  in  per¬ 
formance  . 


8hock  vector  control  via  secondary  injection  through  the  plug  wall  yields 
results  enuivalent  to  the  same  technique  in  a  conventional  nozzle. 

The  most  promising  methods  of  vectoring  appear  to  be  throttling  or  gim¬ 
balling  the  individual  nozzles  with  the  shortest  plug  length  consistent 
with  satisfactory  unvectored  performance. 


Experimental  studies  for  thrust  performance,  distribution  of  pressure 


1 


and  heat  transfer  on  the  centerbody 
using  a  momentum  method  for  cold  air 
injection  and  hot  gaseous  hydrogen 
and  oxygen  are  reported  by  Hender- 
shot  et  al  (1967).  The  measured  base 
pressure  is  shown  in  Fig. VI. 15. 

:  r-  t  flow  -egime  with  a  closed  base 
rerion,  the  pressure  affected  by  a 
short  centerbody  is  almost  the  same 
compared  to  the  pressure  with  the  zero 
length  of  the  centerbody . 

I  f  the  base  region  is  open,  the  base  pressure  appears  to  be  almost  equal 
to  the  pressure  on  the  external  flow.  If  the  initial  expansion  of  the 
individual  nozzle  is  decreased  while  the  inclination  angle  is  appropri¬ 
ately  increased,  the  base  pressure  with  a  closed  base  region  may  become 
larger  than  the  external  pressure.  In  the  opposite  case,  a  significant 
low  pressure  may  occur  in  the  base  region.  In  order  to  evaluate  the  heat 
transfer  to  the  base  of  the  rocket,  it  is  necessary  to  understand  the 
base  flow  structure  thoroughly  accompanied  by  analysis  of  the  reverse 
blow  occurring  in  the  near  wake. 

ieytes  (1974)  studied  the  interaction  of  two  and  four  underexpanded 
st  -earns.  At  first,  the  neighboring  streams  interact  and  part  of  the 
gas  flows  toward  the  symmetry  axis  of  the  system. 

Because  of  the  flow  turning  compression  occuring  in  the  neighborhood  of 
the  symmetry  axis  and  the  pressure  increase  is  given  approximately  by 
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J*  : 


A 


Newton's  formula  ; 


P4  -  f  „  v„  si n  (l 

where  is  the  S-atic  pressure  in  the  area  of  interaction  c*  four 
streams,  ,  and  v,  are  density  and  velocitc  during  the  interaction 
of  the  two  streams  and  y3  is  an  interaction  angle  of  the  stream  line 
in  a  compressed  layer  inclined  toward  the  symmetry  axis  of  a  ‘.our  noz¬ 
zle  unit.  Approximate  calculations  show  that  the  static  pressure  in 
the  :'cur  streams  interaction  region  is  invesely  proportional  to  the 
square  of  the  distance  between  nozzles.  '■'he  formula  ror  pressure  changes 
along  the  axis  of  stream  from  the  four  nozzles  has  the  same  form  as  for 
a  two  nozzle  unit  and  the  distance  between  its  axes  is  equal  to  the  dis¬ 
tance  between  the  axes  of  an  opposite  nozzle  in  a  "our  nozzle  unit. 
Therefore,  the  position  of  the  maximum  static  pressure  in  this  unit  sys¬ 
tem  coincides.  The  Mach  number  in  the  rour  streams  interaction  region 
is  approximately  Vp  times  smaller  than  in  a  field  of  two  streams  in¬ 
teraction.  The  tests  show  that  in  the  interaction  zone  the  viscous  ef¬ 
fect  is  small  for  static  pressure,  and  it  can  significantly  influence 
the  dynamic  pressure. 


Goethert  (1961)  formulated  the  similarity  of  base  pressure  of  test  model 


and  prototype  by 


(  I  iE  \  =  (  I  ^2  ) 

v  p  dV  'M  '  pd^'P 


where  \>  is  turning  angle  of  Prandtl-Meyer  flow. 


I r.  order  to  satisfv  this  similarity,  the  turning  angle  cl  the  stream 
at  the  exit  cf  the  model  rad  the  actual  motor  must  he  the  same  and 
*r.i-  •  ollowir.r  approximation  e-cuatior.  holds,  relating  to  Mach  number 
Ma  at  the  exit  of’  a  dual  nozzle. 


1st  :\r  !’/?e  —a :  .  i ;  re  latter  s  an.  a.  uvtr.  tr.e  ••r.ara.cterist  lv  M.a. 
number  at  the  exit  c:  '.he  actual  :.czz  1c  ar.d  tre  adiauati  comnustior. 
products  c  tr.e  wt  ruing  mwtium  i  ore  inar .  air,  ,  it  ..s  possible  to  deter¬ 
mine  the  Mach  number  o:  the  model  r.czrle. 

Fig.Vi.lt.  shows  the  hase  pressure  at 
the  center  of  the  base  shield  of  a 
lour  nozzle  unit  obtained  for  equi¬ 
valent  medels  referring  to  the  working 
medium  involving  cold  air  and  combus¬ 
tion  products  of  jet  fueli 

During  the  flight,  if  the  nozzle  units 

of 

are  cicsea,  then  an  existence  flow  re¬ 
gime  should  bt  considered  within  which 
part  of  the  hot  gases  of  jet  streams 
returns.  Therefore,  it  is  necessary 
to  provide  a  thermal  shield  in  the  base 
region  in  order  to  protect  the  base 
from  the  radiant  heat  ^rom  the  reactive  streams  but  also  from  the  con- 


Fig.VT.f6.  Dependence  of  maxi¬ 
mum  relative  base  pressure  on 
elative  pressure  in  the  ambient 
atmosphere  for  modeis  with  hot 

ihd  'eld  per  streams  [  Goethert 

' — ;iot  jet  streams; 

— (la  jet  streams; 

•.a:,  nod -dot  ten  i  ine — cri  tical 
-a  *  r  o ' 
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vective  heat  from  the  returning  hot  gas. 


Tufts  and  dmoot  (1971)  computed  and  compared  with  the  experimental 
data  of  mixing  coaxial  ;t reams,  free  and  bounded,  oi  regulated  and 
non- re. -u  luted  gases  with  presence  of  sciid  particles  -ir.d  secondary 
lows  re'Vr: ing  to  the  velocit’  and  gas  concentrations  along  the 
stream  axis.  rtv-  coe*  ioients  of  Co*' relation  between  the  cel  1  length 
o  the  stream,  *.ne  v»-  loritv,  the  .•oricer-trations,  the  coef*'ic  ier.ts  of 
mixing  and  the  vorte<  diffusion  were  also  investigated. 

4 .  '  Oscillation  of  the  3a  re  fressnre  A‘~fected  ty  \nnular  Jet  Out 'Tow 
T’tie  pressure  os  illations  :.n  the  base  region  dep.nd  on  many  actors, 
such  as,  quasi-steadv  changes  o:  the  ‘'low  field  in  annular  jets,  acous¬ 
tic  radiation  of  jets  and  non-steady  '"low  behavior  etc.  For  multinoz¬ 
zle  lay  out,  non-stationary  influence  on  the  base  flow  caused  by  re¬ 
laxation  oscillation  and  discrete  acoustic  radiation  is  of  the  greatest 
importance. 

Some  investigations  on  the  acoustic  jet  radiation  are  described  here. 
Lighthill  (1963)  investigated  subsonic  jet  noise  by  relating  the  acous- 
tic  pressure  generated  by  turbulence  to  a  system  of  quadrapolar  sources 
fixed  in  a  quiescent  medium.  Sorcos  (19c<9)  studied  the  structure  and 
noise  of  a  low  velocity  jet  and  Girevskiy  (i960)  studied  the  influence 
e-  the  acousti  inter*'erence  on  the  initial  part  of  the  turbulent  jet. 
The  ’’esults  o'  theoretical  and  experimental  investigations  of  aerody¬ 
namic  noise  are  all  described  in  the  book  Aerodynamic  Acoustics  . 

(Ed.  Munina  and  Kvitki  1973) 
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Rimsky -Korsakov  and  Munin  (197*0  report  a  large  number  of  papers  on 
noise  in  supersonic  jets.  One  of  the  research  trends  is  concerned 
with  investigations  of  the  discrete  components  of  the  noise  spectrum. 
Powell  ( *  953)  proposed  a  self-exited  oscillation  cycle  to  ir.  .'esxigate 
th-~  jet  whistle  and  Hamm it  (1961 )  and  Merle  (1965)  proposed  the  posi¬ 
tions  of  discrete  tone  scarcer .  Pcr.e  papers  indicate  that  this  radia¬ 
tion  is  nearly  iser tropic  but  I  owe.1 1  >.  1953)  and  Rinsky-Kcvsakov  ( 1970) 
shcwec  tint  for  the  baste  and  "irst  harmonic  frequencies,  there  exist 
preie-red  directions. 

Sedelnikov  (1971)  developed  an  instability  theory  applicable  to  free 
jets  and  ejectors  and  Lebedev  and  Teler.in  (1970,  197*0  solved  the  pro¬ 
blem  of  the  jet  interaction  with  an  external  acoustic  field  case  and 
in  non-linear  approximation  for  a  plane  case. 

The  high  frequency  portion  of  the  noise  generating  jet  spectrum  is 
studied  by  Krasilnikov  and  Shihlinskaya  (1964).  The  acoustic  interac¬ 
tion  of  a  supersonic  jet  in  the  nozzle  base  by  Belenkov  (1970). 
Poldervaart  et  al  (1968)  investigated  the  discrete  tone  for  the  super¬ 
sonic  jet  outflow  from  a  slotted  nozzle  and  Hay  and  Rose  (1970)  the 
r.oise  spectrum  of  a  jet  engine  of  an  airplane  in  flight, 
for  a  large  class  of  supersonic  jets,  Anufriev  et  al  (1969)  established 
general  laws  for  the  rrequency  characteristics  of  the  discrete  compo¬ 
nents  of  noise  spectra.  Data  on  the  influence  of  an  ejector  on  the 
noise  radiation  spectrum  of  a  jet  is  available  in  the  publications  of 
Middleton  (1956)  and  Pychov  (1968). 


4 . 3  The  Level  of  Fluctuate ons 


Since  the  structures  of  annular  jets  differ  from  those  of  cylinder 
jets  involving,  open  and  base  flow  regimes,  it  may  be  conjectured 
that  pressure  fluctuations  due  to  acoustic  radiation  o'  the  annular 
jet  would  be  a  distinct  phenomena.  The  pressure  1 jr ’ nations  at  the 
case  ot  the  anr.ula:  noszle  depend  indeed  on  t!v  'lev  e.'lz.e  c:  the 
jet  and  substantial  differences  ir.  the  discrete  consuor.f-nts  c:  the  -  lu. - 
fuation  spectrum  were  found  h'  Ljutev  et  a]  ; ! . 

The  supersonic  is  a  -  our  ,-e  of  thcee  tr  ues  c‘  acoustical  radiation; 
boundary  perturbations,  turiulent  r.cise  and  discrete  tones.  One  o'" 
tr.e  main  sources  or  supersonic  jet  r.oise  is  the  boundary  perturbation 
Irur.dall  ard  Mark  (.i  96%-’  indicate.  The  instabilit"  of  the  jet  bound 
,  'wrier,  amplifies  small  vert  nr  rations  starting  at  the  jet  exit  is 
•  ■  case  o;  tur:  .  1<-  :t  .«ois<- . 


V 


The  r-elation  between  the  integ¬ 
rated  level  of  pressure  fluctu¬ 
ations  L  at  the  central  point 

c'  *.':•«  r.czzlt  and  the  off— ioci.-t 
■atie  n  is  river,  ir.  Fir: .  V '  .  *  ? . 
nor  czr-l.es  o  M.  -  ",  y . "  and 

ri  in  tic:;  of  the  out'f.cwiry  jet 
up  to  n  dr  0  .  is  a  icon; pa  ’  >  i  eri  h 
ar,  increar-e  of  fluctuations.  A 
further  increase  of  the  off-des 


ratio  for  the  last  two  nozzles  produced  a  decrease  of  fluctuation 


level  but  for  M.  =  2  nozzle  the  transition  to  the  underexpanded  noz- 

j 

zle  flow  case  is  accompanied  bv  an  increase  of  L 

A  characteristic  feature  of  the  annular  .jet  is  the  sharp  reduction 
of  the  pressure  fluctuation  level  when  the  flow  regime  changes. 

At  the  same  time  a1 so  an  appreciable  reduction  of  an  acoustic  pres¬ 
sure  level  m  the  far  field  occurs  Therefore,  this  feature  car.  be 
used  to  determine  the  transition  from  the  open  *o  the  closed  Vase  flow 
regime  using  acoustic  measurements  only.  The  value  of  the  pressure 
fluctuation  characterized  the  additional  pressure  variation  because 
of  the  passage  of  a  shock  wave. 

The  pressure  in  the  separated  zone  inside  the  jet  differs  greatly  from 
the  pressure  in  the  surrounding  space.  Therefore,  the  flow  parameters 
in  this  zone  affect  the  displacement  of  shocks  toward  the  base.  The 
value  of  £  =  *  (  p "  /  f  ^  )(where  K  is  an  arbitrary  coefficient)  was 

used  for  a  qualitative  analysis  of  the  intensity  of  fluctration  source. 
The  magnitude  of  ^  is  similar  to  the  mean  flow  of  acoustic  energy 
passing  through  a.  unit  area  of  a  plane  acoustic  wave  under  the  assump¬ 
tion  of  uniform  distribution  of  fluctuation  at  the  base  (Fig. VI. 17). 
Thus,  it  may  be  noted  +hat  the  behavior  of  the  curve  £  -  f(n)  is  simi¬ 
lar  to  the  ones  of  L  j  =  f(n).  Rimsky  and  Korsakov  (1970)  indicate 
that  in  the  rear  of  the  hemisphere  a  broad  maximum  of  noise  spectrum 
exits.  The  formation  of  a  broad  maximum  in  the  pressure  fluctuation 
spectrum  is  in  some  cases  more  pronounced  and  appears  over  a  wide  range 
of  off-design  ratios  and  in  other  case  less  pronounced.  No  clear  re- 
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lations  between  the  flow  regime  and  the  positioning  of  the  broad  maxi¬ 


mum  was  found. 

The  acoustic  noise  resulting  from  turbulent  fluctuations  in  the  jet 
and  the  boundary  perturbations  at  supersonic  speed  is  a  stationary 
stoehasti  ■  process  and  the  characteristic-  parameters  of  such  a  pro¬ 
cess  are:  the  mean  value  and  the  second  order  statistics  which  can  be 
given  either  by  the  correlation  function  or  the  spectral  density  f'unc- 
t  ion . 


The  generalized  spectral  density  of  the  annular  jet  noise  is  compared 
with  experimental  results  of  model  rocket  engines  by  Humphrey  (1957) 
as  shown  in  Fig.VI.l8.  The  Strouhal  number  is  defined  by  Sho  =  f  da/a^ 
Khere  da  is  diameter  of  the  nozzle  exit  (for  annular  jets  the  equiva¬ 


lent  diameter  of  a  circular  jet  based  on  exit  section  area)  and  a.  is 


the  velocity  of  the  sound  in  the  jet. 
of  the  generalized  spectral  density 


Fig.Vl.lfi.  Comparison  of  gene¬ 
ralized  spectral  densities  of  jet 
noise,  (l)  Rocket  engine  of  40- 
^0  tons  thrust,  (?)  1-15  t,  (3) 
0.4  t,  [Humphrey  U957jJ  (4)  annu¬ 
lar  jet  of  0.13-0.3  t  thrust. 
[Shvets  ( 1978) J 


The  ordinate  shows  the  value 


where  (f)  is  the  spectral 
density  of  noise. 

It  is  apparent  that  the  distribu¬ 
tions  of  generalized  spectral 
densities  of  the  noise  of  the  an¬ 
nular  nozzle  models  are  similar  to 
the  experimental  results  from  the 
full-scale  rockets  and  turbojet 


engines. 
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let  us  consider  briefly  the  influence  of  the  jet  shape  on  the  radiated 


noise.  There  are  three  methods  to  reduce  the  noise  of  supersonic  jets. 
The  first  one  is  iesed  on  the  reduction  of  the  effective  outflow  velo- 
i’;  ,  the  second  on  increasing  the  width  of  the  frequency  range  and 
the  or:  the  :  a.  t  that  the  maxima:;,  noise  of  a  nozzle  system  is  lower 

•  ; •  t\ c  i  i.c  maxi. o'  each  :a  zzle  taken  separately .  The  last 

•  •  to  the  di  f '’t-rence  in  -ho  direct '..ns  of  the  maximum  noise 

•  or  i-a.  i.  ;  ozzl e.  To  the  first  approximation  the  length  of  the  acoustic 
wave  is  determined  by  the  width  of  Ore  displacement  region  in  ar.y  jet 
section  and  the  value  of  the  average  velocity  in  this  region.  As,  for 
the  same  mass  output  and  neck  diameter,  the  perimeter  of  an  annular 
jet  is  larger  than  that  of  a  circular  one,  the  distance  along  the  axis 
required  for  entrainment  of  a  given  quantity  of  air  is  diminished,  i.e. 
the  linear  scales  of  the  mixing  process  change.  If  the  exit  area  shape 
o‘-  the  nozzle  is  changed  without  increasing  its  area  in  such  a  wav  that 
the  jet  flows  out  in  the  thin  annular  jet  shape,  then  the  radiated  noise 
frequency  increases  approximately  proportionally  to  the  ratio  of  the 
initial  diameter  over  the  slot  width.  The  reduction  of  the  intensity 

of  the  low  : icquencv  noise  when  the  nozzle  shape  is  changed,  is  not 
accompanied  hr  an  increase  of  the  high  :  requer.cy  noise.  This  is  another 
interesting  feature  noted  in  the  experiments  of  an  underexpanded  annular 
jet  of  y  .  -  1.13  by  Richard  (l?**)- 

b  . b  discrete  Components 

For  supersonic  jet  flow,  a  discrete  tone  is  emitted.  Merle  (1965)  ob¬ 
served  the  most  intensive  acoustic  radiation  in  a  cylindrical  jet  from 


i 


the  sixth  to  eighth  cell  and  Haiwnit  (1961)  from  the  third  cell  of 
a  plane  jet.  Predictions  of  Lebedev  and  Telenin  (1970),  using  the 
linear  approximation  of  plane  jet,  agree  with  these  results.  The 
first  discrete  tone  harmonic  is  directed  upstream  at  30°  the  jet 
axis  while  the  second  is  propagated  perpendicular  to  the  jet.  When 
the  acoustic  perturbation  reaches  the  nozzle  base,  a  cyclic  process 
of  acoustic  resonance  develops. 

From  the  fluctuation  spectra,  the  discrete  tone  part  of  the  fluctua¬ 
tion  energy  observed  at  the  central  point  of  the  nozzle  base  may  be 


determined.  It  is  estimated  that  the  discrete  component  contains 
about  305c  of  the  total  energy'  spectrum.  In  the  continuous  jets  ra¬ 
diating  into  the  rear  hemisphere,  the  energy  of  the  discrete  tone  is 
sometimes  comparable  to  the  background  noise  energy  as  Rimsky-Korsakov 


(1970)  noted.  In  the  over  expanded 
ALq  of  the  discrete  component  (for 


Fig. VI. 19.  Amplitude  and  power  of 

the  discrete  component,  - , 

ALoCdDj,  — .y',  (1)  (?) 

3.1,  (3)  M^=3-6.  open  symbols  -  am¬ 
plitude  of  the  fundamental  tone; 
filled  symbols-amplitude  of  the 
first  harmonic.  [.Shvets  (1978)]. 


regime,  an  overshoot  of  the  level 
?  Hz  band  width)  over  the  average 
level  of  the  continum  spectrum 
‘o'*  nozzles  of  N! ,  =  3-1  and  3-6 
is  observed  as  shown  in  Fig. VI. IQ. 
The  discrete  components  of  plane 
jets  of  M.  =  r  t  eg in  at  off-design 
ratio  n  =  C.9  and  reach  a  maximum 
value  at  n  -  1.3.  Hence,  exist 
also  at  n  =  1,  whereas  for  cvlin- 
drecal  jets  the  acoustic  resonance 
disappears  at  the  design  flow  output 


The  discrete  tone  of  an  axisymmetric  jet  of  M .  =  2  detected  for  n  =  1 

J 

by  Belenkov  (1970)  is  considered  as  an  exception.  The  existence  of 
a  discrete  radiation  in  the  design  flow  of  an  annular  jet  can  be  ex¬ 
plained  by  the  determination  of  the  off-design  regime  on  the  basis  of 
the  external  pressure,  whereas  at  n  =  1,  so  determined,  the  jet  will 
be  in  an  off-design  regime  when  related  to  the  internal  pressure  and 
this  leads  to  a  flow  with  a  system  of  compression  and  expansion  waves 
which  will  be  different  inside  and  outside  the  jet. 

One  of  the  main  experimental  results  to  be  noted,  is  the  reduction 
of  the  discrete  component  of  the  fluctuation  spectrum  when  the  flow 
regime  changes.  Measurements  in  the  rear  and  far  acoustic  fields  also 
exhibit  a  disappearing  discrete  tone  at  or  about  n  =  n°. 

The  acoustic  radiation  of  a  supersonic  annular  jet  propagates  into 
the  external  space  as  well  as  into  the  internal  region  downstream  of 
the  nozzle  central  body .  A  qualitative  estimate  of  the  influence  of 
the  off-design  ratio  on  the  ratio  of  the  power  content  of  the  fluctua¬ 
ting  pressure  at  the  nozzle  base  to  the  full  jet  power  can  be  made 


assuming  that  the  fluctuation  distribution  over  the  base  is  uniform 

7E  d,-^" 

(see  Fig. VI.  19  -  where  K  is  an  arbitrary  coef¬ 

ficient,  dfc  is  a  base  diameter  and  N  is  the  full  jet  power).  For  a 
nozzle  of  =  2  in  the  underexpanded  flow  case,  when  the  discrete 
component  is  at  a  maximum  y'  becomes  also  maximum. 

A  comparatively  large  'f  -value  in  the  overexpanded  regime  may  be  ex¬ 


plained  as  the  pressure  in  the  separation  zone  is  not  much  lower  than 


the  pressure  in  the  surrounding  space.  Therefore,  the  fluctuation 
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energy  is  transmitted  to  the  base  with  no  substantial  losses.  For 
jets  of  Mj  =  3-1  and  3-6,  the  variation  of  agrees  well  with  that 
of  &  1*0»  indicating  that  the  discrete  tone  is  one  of  the  most  effec¬ 
tive  sources  generating  the  pressure  fluctuations.  The  range  in  which 
the  discrete  components  appear  were  determined  by  spectrogram  and  an¬ 
alyzing  an  expanded  frequency  scale.  This  enables  one  (using  a  narrow 
band  analyser)  to  evaluate  the  Jtrouhal  number  corresponding  to  the 
discrete  component  Jh  =  0  d/a  (where  d  is  the  outside  diameter  of 
the  annular  nozzle  and  a  is  velocity  of  sound  in  the  surrounding  space) 
accurately  as  shown  in  Fig.VI.PO. 

The  discrete  component  of  =  ?  noz¬ 
zle  shows  a  frequency  discontinuity 
close  to  the  design  -''low  regime. 

Nozzles  radiating  a  discrete  compo¬ 
nent  in  the  overexpanded  regime  ex¬ 
hibit  a  monotonic  decrease  of  fre¬ 
quency  if  the  Mach  number  or  off-design 
ratio  increase. 

A  similar  relation  is  obtained  for  the 
continuous  jets  discharged  from  the 
supersonic  nozzles  by  Ffimsky-Korsakov 
(1970)  while  for  the  circular  sonic 
nozzles  and  ejectors  Powell  (1953)  and 
Hammitt  (1961)  note  the  relation  fo  =  f(n)  has  a  discontinuity. 

1  *'  it  is  assumed  that  the  parameter  A  Sho  remains  constant  when  the 


Kig.Vl.rO.  Strouhal  number 
and  tend  width  of  the  dis¬ 
crete  comnonent  —  Oh  ,  - 

o 

/>bho.  (i)  =  ?,  (?)  Mt  = 

M ,  ( 3)  =  3 . f  . 

T  f.hvets  0978)  ] 
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characteristic  dimension  is  changed,  then  the  width  of  the  frequency 
band  must  increase  as  the  nozzle  diameter  increases.  It  is  possible 
that  in  sore  ases  the  widening  of  the  diserete  component  frequency 
.and  -auses  the  absence  of  the  reasonance  process  on  full  scale  en- 
c'-nes.  let  us  >  or.pa re  the  non-dimensional  frequency  of  the  discrete 
component s  o:  pressure  flu  tuation  spectrum  with  the  data  on  radia¬ 
tion  of  discrete  tone  !v  continuous  jets.  The  Strouhal  number  Shj  - 

d. /a  •'  where  d4  is  the  sonic  diameter  of  circular  nozzles  or  the 
o  1 '  '  1 

equivalent  diameter  o'"  circular  nozzle  with  the  same  area  as  the  sonic 
section  or  annular  jet)  is  given  in  a  function  of  relative  pressure 
in  the  settling  chamber  P0/pao  in  Fig. VI. 21a.  In  Fig. VI. 21b  data 
of  annular  jets  and  experimental  results  of  continuous  jets  are  shown. 

A 

The  curve  I  give  a  relation  Sh.  =  0..567(p  /p  -  l)2  based  on  the  ex- 
perimental  data  of  cylindrical  jets  by  Rimsky-Korsakov  (1970)  in  an 
agreement  with  Fowell's  (1953)  formula  for  circular  jets  at  low  values 
of  p  /p  I  :  the  Strouhal  number  of  annular  jets  Sh.  were  to  be 

based  or.  the  width  ol  the  gap  oi  the  sor.ic  section  of  the  nozzle,  then 
the  value  or  fh  would  be  several  times  smaller.  At  the  same  time  the 
values  of  h,  for  .annular  jets  obtain'  d  for  a  wide  range  of  n,  coincide 
sat  is fa  toriiy  with  cylindrical  jet  data.  Hence,  the  characteristic 
Length  for  the  formulation  of  Sh^  for  the  annular  jet  may  be  taken  as 
the  diameter  or  trie  circular  jet  having  an  area  equal  to  the  sonic 
section.  Anufriev  et  al  0969)  analysing  data  of  discrete  frequency 
measurements  of  cylindrical  and  rectangular  jets  found  that  all  data 
rail  on  a  single  curve  if  the  experimental  data  are  given  as  a  depen- 


Fig. VI .  ?"■  .  Strouhal  number  dependences  for  annular  (10-1?), 
cylindrical,  (1-7)  and  ‘lat  (7,9)  jets,  calculated  according 
to  the  equivalent  critical  sectional  area,  on  the  relative  pres¬ 
sure  in  the  injection  settling  chamber  (a)  and  on  the  average 
Mach  number  in  the  jet,  assuming  isentropic  expansion.! —  {[Mamin 
and  Himskv-Korsakov  (1969 )J;  IT — {Anufriev  ( 1 9^9)J  ;  III, IV — cal¬ 
culation  for  flat  and  cylindrical  jets  [Lebedev  and  Teleninjl 97^)1- 
(1)  Mt=t  [Powell  (19.53)3.  (?-)  ^  =  2  [3elenkov  (1970)J  (3)  M yP. 

LMerle  d9  6C,)J  (U)  M^=2.17  L Mamin  and  Rimsky -Korsakov  ( 1969)  J  - 

(5)  M,=3  [Merle  (l96f)J,  (6)  M.^3  [Anufriev  (1969)J,  (7)  Mj=3-7 

[Anufriev  (1969)J.  (8)  M,  =  l  [Hamitt  (1961 )],  (9)  M^lDPolder- 

vaart(1968)J  (10)  Kyp  [Ljutey  et  al.  (l973)j.  (ll)  Mj=3.1  [Ljutey 

et  al .J  (1973)  .  (12)  ^  =  3-6  [Ljutey  et  al.  (1973)J- 

[Shvets  (1978)J 


dence  of  the  Strouhal  number  Sh„  on  the  average  Mach  number  in  the 
jet  M,, . 

Anufriev  et  al  (1969)  approximated  the  curve  IT  in  Fig.VI.Pl  oy 


Sh„  =  0 


[/TV- 1 )  -  Sr  3 


where  d^  =  1.78 


/  G  To  y 

l  qM2po  ‘ 


is  the  reduced  diameter 


4j? 


o:  a:.::::.ar  jet  based  on  the  output,  G  is  the  output  of  air  through 
the  nozzle  per  second  and  Tq  and  pQ  are  the  temperature  and  the  pres¬ 
sure  in  the  settling  chamber  respectively. 


From  this  figure,  it  can  be  seen  that  experimental  data  of  circular 
and  annular  jets  form  a  single  curve.  Hence,  for  an  annular  jet,  the 
characteristic  parameter  for  Sh^  is  jet  the  Mach  number  determined 
on  the  assumption  of  isentropic  expansion  in  the  nozzle. 

Lebedev  and  Telenin  (1970)  formulated  the  following  equation  of  fre¬ 
quencies  of  external  acoustic  waves  at  which  jet  perturbations  in  the 
design  flow  conditions  are  most  strongly  amplified, 

fQd  h(n) 

Sh  *  ~  1  if, 


where  d  is  cylindrical  jet  diameter  or  the  width  of  plane  jet. 


The  function  h(n)  is  ; 


n  -  |  (m=0,  j=0) 

n  (m=0,  j=l) 


h(n)  - 


y3/*- 

Ai  /* 


(m=i,  j=0) 
(m=l,  j=l) 


where  m  =  0  in  the  plane  and  m  =  1  in  the  cylindrical  case; 
j=0  for  symmetric  and  j=l  for  axisymmetric  perturbation  of  the  ex¬ 
ternal  wave  and  /m.0  and  yt*}  are  n  the  roots  of  the  Bessel  function 

I  and  I, . 
o  1 

The  first  two  values  of  the  function  h(n)  for  the  cylindrical  case 
are  :  for  j=0,  h( n)=0. 76  and  1.66;  for  j=l,  h(n)=1.22  and  2.23- 

computed  curves  for  plane  III  and  cylindrical  (IV)  jets  in  an  an- 


.v 


tisymmetric  acoustic  field  are  shown  in  Fig. VI. 21b. 

Sedel’nikov's  (1971)  investigations  of  the  low  frequency  approxi¬ 
mations  of  the  dispersion  equation  of  a  double  layered  cylindrical 
jet  have  shown  that  an  annular  jet  tends  to  oscilliate  as  a  single 
unit.  Oscillations  of  plane  jets  are  in  the  bending  node  and  this 
is  essentially  true  also  for  circular  jets,  but  the  latter,  at  cer¬ 
tain  flow  regimes,  oscillate  with  symmetric  modes.  Lebedev  and 
Telenin  (1970)  indicate  that  by  computing  the  plane  jet  frequancies, 
the  jet  is  more  stable  in  the  symmetric  external  acoustic  field  than 
in  the  antisymmetric  one. 

If  the  base  flow  region  is  open,  coupling  is  due  to  wave  radiation 
•of  a  few  periodic  jet  cells.  As  the  flow  regime  change  is  approached 
but  before  the  jet  closes  there  exists  only  one,  fast  growing  annular 
cell  after  the  jet  becomes  a  continuous  Mach  or  regular  wave  inter¬ 
actions  are  realized.  In  this  case  the  whole  jet  does  not  have  a  de¬ 
finite  periodic  structure  and  does  not  oscillate  as  a  single  entity, 
therefore  there  is  no  resonance  process. 

4. 5  Co-Current  Flow 

Tests  on  a  jet  aligned  with  free  stream  in  a  wind  tunnel  show  that 
due  to  deflections,  the  tunnel  walls  have  a  great  influence  on  the 
jet  stability.  The  tunnel  wall  influence  is  particularly  important 
or  discrete  components  in  noise  spectrum  patterns.  Therefore,  re¬ 
sults  obtained  in  a  co-current  flow  in  tunnels  may  not  be  compared 
directly  with  those  of  a  free  jet  in  an  infinite  outer  space.  On 
the  other  hand,  there  exist  common  characteristics  in  both  flows 
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Subsonic  flow  data  may  be  used  to  plot  the  quantitative  curves  while 
values  of  transonic  flow  are  applied  only  for  a  qualitative  presen¬ 
tation.  The  dependence  of  level  of  pressure  fluctuation  on  the  Mach 
number  of  the  co-current  flow  is  distinguished  by  three  groups  of 
curves  of  different  values  of  o'T-design  ratios  as  shown  in  Fig. VI. 2?. 


>  T 

.  -  M  >  o 


- -J.7TV. 


At  n  <:  0.5,  the  level  of  pres¬ 
sure  fluctuation  up  to  M=0.8  is 


nearlv  constant  and  then  decreases 


slightly.  For  n  *  0.6-0. 8  the 
value  of  L  decreases  sharply  while 


Fig. VI. 22.  Dependence  of  the  pres-  passing  from  M=0.8  to  0.9  and  then 
sure  fluctuation  level  on  Mach  num¬ 
ber  of  a  co-current  stream,  (l)  n=  increases  sharply  when  the  Mach 
0.4,  K1=3.1,  (2)  n=0.6,  M^.l,  (3) 


n*0.7,  M1=3-l,  (4)  n=0.8,  M^'J.l 
(5)  n=0.4,  M1=3.6,  (6)  n=0.6,  Kf 
3.6,  (7)  n=0.7,  K1=3-6,  (8)  n=0.8, 
M1=3-6,  (9)  n=0.9.  M,=3. 6,  (10)  n= 
1.0,  M1=3.6.  [Shvets  (1978)3 


number  increases  from  M=l.l  to  1.2. 


At  M=0. 9-1.1,  the  base  region  is 
closed  and  surrounded  by  a  super¬ 
sonic  annular  jet  and  only  the 
radiation  from  the  part  of  the  jet 


below  the  sonic  point  penetrate  up  to  the  base  of  the  nozzle.  After 
the  change  or  regime,  the  area  of  the  inner  surface  of  the  jet  which 
is  the  main  source  of  radiation  toward  the  base,  decreases  sharply. 

!n  this  case,  as  during  the  outflow  into  an  open  space,  the  pressure 
lurtuations  in  the  closed  base  region  are  smaller  than  in  the  open  one. 
Close  to  tb  design  outflow  n=0.9-l.C,  the  acoustic  pressure  is  rela- 
tively  small  as  the  base  region  remains  closed  for  the  entirt  investi¬ 
gated  range  of  velocity  of  the  external  flow. 
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deduction  of  jet  turbulence  is  an  effective  method  o:  noise  reduc¬ 
tion.  The  largest  turbulence  is  attained  in  the  zone  of  tangential 
longitudinal  discontinuity  of  velocity  between  the  jet  and  the  out¬ 
side  flow.  As  the  co-current  flow  velocity  increases,  the  outflow 
jet  velocity  relative  to  the  surrounding  flow  is  reduced,  leading  to 
a  reduction  of  the  intensity  of  turbulence  ir.  the  viscous  la.  e;  ir.d 
to  a  reduction  of  noise,  forces  ( 1 9^9)  reduced  the  noise  o  a  .tw 
velocity  jot  in  a  co-current  flow. 

In  experiments  o:  annular  jets,  an  increase  ot  the  outer  flow 
velocity  up  to  the  sonic  value,  is  accompanied  by  a  reduction  c:  the 
broad  maximum  and  also  by  its  displacement  towards  low  frequencies. 

One  of  the  main  noise  sources  of  supersonic  jets  are  waves  radiated 
by  supersonic  boundary  vortices  as  Crandall  and  Mark  C 1 963)  note. 

For  high  frequency  jets,  it  is  necessary  to  take  into  account  the  flop¬ 
pier  coefficient  (,1-K.e  cos  ft)  ar.d  in  the  case  of  the  upstream  trans¬ 
mission  of  perturbation  (l  +  Me) ,  where  Me  is  the  Mach  number  of  the 
boundary  perturbations  and  0  is  the  angle  between  the  direction  of  ra¬ 
diation  and  jet  axis.  For  the  subsonic  co-current  flow,  frequencies 
change  proportionally  to  (l  -  M)  as  this  coefficient  determines  the 
change  of  the  wave  velocity  relative  to  the  nozzles.  The  experiments 
using  a  closed  tvpe  tunnel,  the  flow  velocity  reaching  0.5  M,  in  the 
measuring  section  due  to  the  ejector  effect  of  the  jet  with  no  forced 
‘•xternal  ‘Mow,  show  that  there  exist  two  types  of  discrete  components; 
one  r:  .p  to  an  induced  acoustic  coupling  and  the  other  to  the  resonant 
I'aticn  of  the  ejector.  For  narrow  gap  nozzle  (M.  =  2-5)  a  discrete 


then  remains  nearly  constant  equal  to  ?5-?7  dB.  The  frequency  f  re¬ 
mains  constant  and  the  band  width  ^  approximately  equal  to  14 

Hz  for  the  base  component  and  the  harmonics.  If  the  frequency  of  the 
discrete  jet  tone  is  close  to  the  resonant  frequency  of  the  ejector 

■.  C . ‘  f°  <  f  <  0.9C  fC,  where  f°  resonant  frequency  of  the  ejector), 

trier,  an  ex.-l  -atior:  o  '  the  resonance  pro. 'ess  ir  the  ejector  can  occur 

•mu  the  va  a.e  :  change?  :  :ito  :,v  ,.s  1- .  hov  indicates. 

0 

The  excitation  frequency  for  eje-  tors  of  the  square  cross-section  is 
f°  =  (,  f:n  +  1  )a /?_H  where  H  is  length  of  square  edge.  The  relation 
f  =  f(n)  for  the  ejector  has  a  discontinuity  and  a  locking  in  of  the 
oscillations  to  the  frequency  f°  past  the  discontinuity  is  notice:) , 

The  discrete  frequency  component  of  a  nozzle  of  M=r.f  retains  constant 
despite  the  variation  of  the  off-design  ‘'low  ratio  in  a  wide  range  o* 

[ n=0-u)  ana  at  a  velocity  of  the  ejected  stream  up  to  M=0.5.  The  non- 
dimensional  frequency  of  the  discrete  component  is  close  to  the  exci¬ 
tation  frequence  of  the  ejector  on.1'  ~  [)(?n+l;  d/2H  J ^ C .  ?7  (Sh°  of 
the  ejector  excitation  defined  by  characteristic  dimensions  d  and  H 

"  trc.  .  *>  and  :h-'  oictm-  -  cr  t.t.e  ba.nd  width.  A  f  shows  tne 

o 

n  ••  .  tat :  or.  mechanism,  in  this  case  the  excitation 

►  .  ■  •  >.  n  -  os-'- i  flat  to-  is  expected  Experiments  with  nozzles 

.  ■  . "  n  :  now  •  *-.«  t  the  -■  ?.r  atior.  of  the  off-design  ratio 

••:)••:  n  -ell  as  the  variatior.of  ‘hr  \  c  iooity 

ire  a ‘  *  e-  w  ; nn  change  of  c  --design  ratio,  lead  to  a  ontinu- 
l  :  v.  ri.-it  or  c  1  >-<».•••  jer.cv  or  t:.e  discrete  component .  Therefore,  it 


!av  be-  cor  lud-d  than  the  investigated  processes  are  not  determined 
•v  'hi?  .-esona.it  •.•/-it.ation  of  the  ejector,  for  which  a  sodden  fre- 


•uet'.-y  change,  *  roia  one  resonant  value  to  anothe 


:haract eristic. 


As  >'  increases,  Lo  initially 


rfC'OWS.  Wiiiif 


O V ’1-0.  --0.?,  ■  t 


'eases  .  r<. 


aching  f o  tee  1  e.-c.rt"  o:  sound 


i  hs  :■  .  i  ~i  shews.  Lebedev  a.nd 

..  -s...  .] 

t  a''-^  Telenin  ^197**)  observed  a  similar 

I.  '--.A 

o(,J-_.hi_-.iiyv., - j<>«  behavior  of  the  relation  Lo=f(w) 

o  Sh°4— j 

s  \x,  in  experiments  of  cylindrical 

<  ,2  P  >4  o 

o  or  _ _ 7- a — •-* — 5ti  ?c  .  .  . 

6  *  jets  exhausting  into  a  co-current 

[asn,,  rlow  with  _'ree  surfaces.  The  com- 

0  5  or 

M  putation  of  Shvets  (1978)  indi- 

Fig.VI.23.  Discrete  component 

when  exhausting  into  a  co-current  cates  that  the  existence  of  a  co- 


°  t 


stream  (l)  Cylindrical  jet, 

calculation  flebedev  and  Telenin 
(197^)],  (?)  experiment, [  Lebedev 
and  Telenin  (!97^)J  (notation  as 
in  Fip.VT.2?).  [  Shvets  ( 1 978) J . 


current  flow  exerts  a  stabilizing 
influence  on  the  jet  for  antisym¬ 


metric  excitations  in  the  external 


acoustic  field  and  causes  a  "sym- 

metrization"  of  excitation.  Further  investigation  is  needed  because 
the  level  of  the  discrete  tone  of  a  circular  and  annular  jet  with  K 
is  initially  increased,  and  not  decreased  as  would  be  expected  consi¬ 
dering  the  feed-back  coupling  scheme. 

In  a  number  o'"  cases  another  discrete  component  of  much  lower  level, 
with  a  frequency  of  a  few  tens  to  a  few  hundred  Hz  different  from  the 


f requeue  o:  tht  main  .'-onipor.cn t  is  noticed  in  the  fluctuation  sepc- 
1  rur.  to  -.ether  with  the  main  discrete  component  and  its  harmonics. 

the  open  base  region  flow  regime  the  discr  ete  tone  radiation,  pro- 
pagaiir.r  upstream,  interacts  with  the  jet  close  to  the  base  of  the 
:  C27,:e  a'  cot!,  the  external  and  internal  boundaries  of  the  annular 
•  el.  •  :'ore,  :  h'>  i'Xir'P!:.-'--  of  .  wc  feed- iv. oh  coupling  locus,  an 
and  an  irt  e-r.n  '  on*-,  c  'a  expect eb .  ‘is  a  result  of  dif¬ 
ference.  exis'.ir.g  ir  the  ’’low  surrounding  tr/  Jet  on  the  outsit e  and 
the  inside,  the  • requeue ies  connected  with  trie  external  and  interal 
couplings  can  be  different. 

T  f  the  outflow  into  a  co-current  stream  occurs,  the  sound  waves  pro¬ 
pagated  upstream  are  carried  down  by  the  stream.  As  the  velocity  of 
the  co-current  flow  increases,  the  upstream  propagation  velocity  of 
perturbations  decreases,  and  when  the  velocity  of  sound  is  approached, 
the  external  coupling  loop  is  interrupted.  The  cyclic  process  is 
disturbed  and  the  jet-acous+ic  system,  acting  as  a  filter  and  ampli¬ 
fier  of  the  oscillation  becomes  imperative. 

Hence,  for  annular  jets  the  external  coupling  loop  is  of  primary  im¬ 
portance.  The  Strouhal  numbers  are  determined  from  the  frequencies 
corresponding  to  the  maximum  level  of  the  discrete  components. 

As  shown  experimentally,  after  reaching  a  determined  velocity  of  co- 
'urrent  rlow,  the  frequencies  remain  nearly  constant.  However,  the 
value  of  Sh  increases  slight.lv  as  the  velocity  of  sound  of  the  co- 
current  flow  decreases  with  increase  of  the  Mach  number. 

The  frequency  band-width  of  the  discrete  component  A  Sh  increases 
almost  two  times  when  the  co-cu’ rent  flow  velocity  changes  from  M= 
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•  -«  .  •'.•jn'.ivivl.n.-i  this  .act  wx  i;;  tin-  im:j  ease  of  dr.  as  the  cr 

o 

design  ratio  increases  for  the  out' low  into  a  submerged  space,  it  may 
be  noted  that  in  the  case  of  maximum  level  of  the  discrete  component, 
the  width  of  the  band  A  ShQ  is  minimum.  Hence  +he  best  performance 
of  the  oscillation  system  with  an  acoustic  coupling  may  be  obtained 
iftr.  a  minimum  hand  width.  For  the  solution  of  supersonic  jet  inter- 
:  '  i-or  with  an  external  acoustic  field  o  '  subsonic  co-current  flow, 
i  <••.  cur/  and  Telenin  (1974)  determined  the  :  requencies  of  external  aco- 
•.sti;  waves  for  antisymmetric  perturbation  from  the  following  equation: 


Sh 


h(  r.) 


1  a 


1 

2 


The  relation  between  the  frequencies  and  the  Mach  number  of  the  co- 
current  flow  for  a  cold  cylindrical  jet  is  shown  by  curve  1  of  Fig. VI. 23- 
On  the  same  figure  experimental  data  for  a  cold  cylindrical  jet  ^Lebe¬ 
dev  and  Telenin  (1974)  (]  where  the  discrete  component  was  recorded  at 
two  close  freouencies  are  shown  in  curve  2. 

In  these  experiments  the  frequencies  f  did  not  change  when  the  ratio 
of  the  jet  cross-section  to  the  stream  cross-section  was  below  7 %  while 
anv  further  increase  in  this  ratio  reduced  an  increase  of  f  .  The  ra¬ 
tio  of  the  cross-section  areas  did  not  affect  Lo. 

The  period  of  the  resonance  system  .is  determined  by  the  time  necessary 


*  r.r  e  car  turbati  or  to  cross  the  distance  f  rom  the  nozzle  to  the  e:  - 
'.ect've  source  and  the  time  the  sound  wave  needs  to  get  back  to  the  noz¬ 
zle  in  the  case  of  outflow  into  an  infinite  space,  Hay  and  Hose  ( >.970) 


CO 


■  oro  ted 
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i; ri 'i' iit  :  low 


u  +  ki  u  .-u)  a  -  u  1 
J 

whore  k  is  the  coef'i  ecient  of  vort.ex  convection  at  the  boundary  of 
'he  supersonic  boundarv  layer,  (k  =  O.t'PS),!  is  the  distance  from  the 
:  asp  of  the  nozzle  to  the  effective  radiation  source  of  discrete  tone 
•ir.d  u  .  and  u  are  the  velocities  of  the  jet  and  the  co-current  flow  res- 
rv.-t  ivel\  .  ".'he  ratio  of  the  discrete  tone  frequencies  lor  the  outflow 

i  e-  •urrent  flew  to  the  .  o  (-responding  requency  for  the  aero  eo- 
••irrent  •’ i  ow  cio  'it'  is  ; 

'  l  [  n+k(u  [  (,a-tQ(a+ku  ,)J 

ku.a  [ a+k(u  ,-u) j 

P  ~2 

'Jsirir  Powell's  (,19r'3)  empirical  formula,  f  =  ,  ■  (  —  -  1.89  ) 

o  K-jal  P 

where  k,=oonst.  and  d.  is  the  diameter  of  the  sonic  section  of  the  noz- 


f  ’d,  F 
o  1 


M+kjM’-M) 


kk^T  [  1+k(M’-M)  1 


P 

x  (  —  -  1.89  )  where  M’  =  u./a. 

P  J 


'•ixperi  cental  values  i  or  the  two  values  of  n  are  shown  in  Fig.VI.P4. 
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x  (  ^  -  1.89  ) 
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Also  shown  are  results  from  the 


ig.VI.24.  Dependence  of  the 
trouhal  number  3h1  on  the  para¬ 
meter  F.  (l)  Flight  experiments, 
[Hay  and  Rose  (1970)J,  (?)  annu- 
lar  jets  M.=3-8,  n=0.4,  (3)  annu- 

lar  jets  M^=3.^>  n-0.6. 

(bhvets  (1978)] 


free  flight  test  of  Hay  and  Rose 
(1970)  who  measured  the  second 
harmonics.  The  Sh^  values  given 
here  are  therefore  obtained  by 
tialving  the  ordinal  recorded  ire- 
quencies.  The  linear  variation 
shown  is  a  good  fit  if  k  is  taken 
as  1.1,  which  however  is  markedly 
different  from  that  k^  =  3.  which 
fits  the  data  of  Powell  (1953). 

The  results  for  the  annular  jets 
lie  close  to  this  linear  depen¬ 
dence  only  in  the  range  of  M=0.6- 
0.9  corresponding  to  a  falling  fre¬ 


quency  . 
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width  c:  wake 
injection  parameter 
ejected  gas  flow  parameter 
injection  parameter 
mass  flow  rate 
injection  parameter 
non-dimensional  flow  r-ate 

ratio  of  base  pressure  with  a  mass  addition 
to  base  pressure  with  no  mass  addition 

momentum  cocff ic i ant 

bod  v  I engt t . 
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area  ratio  of  perforation  to  base  area 
constant 

velocity  of  injected  gas 
velocity  along  the  axis 
boat-tail  angle 
dimensionless  bleed  nur.oer- 
initial  momentum  thickness 
constant 

initial  boundary  layer  thickness 


subscripts 

3  base  injection  quantity 

m  mixing  region 
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CHAPTER  VII 


Cor.trol  of  Separated  Flow 

Among  the  available  various  .  or.trol  techniques,  the  separation  con¬ 
trols  by  injection  of  fluid  and  energy  and  by  combustion  are  pre¬ 
sented  ir:  tills  onapter. 

?he  dra-  a  body  with  a  rlur.t  trailing  edge  at  supersonic  speed 
tar.  be  considerably  reduced  by  injecting  mass  and  energy  (heat)  into 
the  downstream  of  the  trailing  edge.  Because  the  drag  reduction  can 
be  achieved  with  a  relatively  low  velocity  and  a  small  quantity  of 
mass  of  the  injected  'luid,  an  effective  flow  control  may  be  accom¬ 
plished  by  injecting  gas  rrom  a  compressor.  The  fuel  burning  in  the 
near  wake  is  also  effective  to  decrease  the  base  drag.  Due  to  the 
addition  of  mass  and  energy  into  the  complex  near  wake  region,  the 
problem  of  the  near  wake  with  mass  and  energy  injection  becomes  more 
complex  depending  on  a  number  of  parameters  such  as  the  Mach  number, 
the  Reynolds  number,  the  shape  of  the  body  thickness  of  the  boundary 
layer  and  the  characteristics  of  the  boundary  layer  etc. 

"he  control  of  the  base  drag  can  be  more  effectively  accomplished  by 
the  burning  of  hydrogen  in  the  base  region  compared  to  that  of  an  ad- 
diPior.  of  hvdrogen  in  combustion  chamber  of  an  engine.  Davis  '(1968), 
con"i'rned  this  control  technique  bv  analysis,  using  a  two-dimensional 
'Ihapman-Korst  ^low  model  with  the  addition  of  a  reaction  region  along 
the  free  shear  boundary'  and  the  recirculation  of  combustion  products 
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ifevei  r.aae  up 


•  o;'  re  acre  :  -r  -i :  :  ..v  ,  '  ,-.c"e  i .rportar. :  •: 

v : r-c our  to  ir.  the  -ase  flow,  for  the  slender  body  a'  a  low  Rey¬ 

nolds  number  and  the  large  value  of  <f  ,  the  incompressible  base  is 
entirely  viscous,  in  the  base  region,  it  may  be  assumed  that  viscous 
forces  are  dominant  over  the  inertia  forces.  Conditions  for  the  Stoke ’s 
approximation  are  applicable  at  least  locally.  By  solving  the  incom¬ 
pressible  Stoke ’s  approximation  equations  at  x  5-  0  with  boundary  con¬ 
ditions  on  the  base  plane  (x  -  0)  with  a  far  way  uniform  flow,  the 
effect  of  the  base  bleeding  on  the  near  wake  may  be  analyzed . 

7hn  governing  ecuation  is  , 

V  f  =  0 

and  :.:.e  c-r.carv  conditions  are 


f  - 


v,  lyj 


are  not- 


and  th  >  free  stream  velocit' 


tc  fne  hi  re  plane  x  -  C. 

‘  the  pro’.'*  f'~ ,  the  solution  of  the  near  wake 
ip.- Mon  1  r;  the  h..se  can  re  obtained  by  super- 
iti.c'i  t  and  wi  t.h  a  inieetior . 


First  with  no  injection,  3tokes  two-dimens ional  stream  line  patterns 
are  determined. 

With  the  injection,  since  the  base  ‘  low  structure  is  r.odi'ied  or 
sir.pl  ic  it-,  the  initial  velocity  pro  ile  with  th-  tiot.  is  riven 


.  (.v)  =  L',  ( 


y  - 
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V  .  =  0 
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w:.-  re  denotes  the  in.se  injection  quanti  t;. ,  and  is  a  constant .  This 
-.metric  pro-  ile  !,as  the  maximum  injection  .at  trie  base  center  and  ze-  o 
at  the  odfies.  The  stream  ‘.unction  obtained  'or  this  case  is  simply 
added  to  that  of  a  two-dimensional  Stokes  ''low.  The  resulting  flow 
fields  ‘‘or  two  different  values  o‘‘  are  shown  in  Fig.V71.la  and  Fig. 
v i 3  ,rb. 

-k 

For  a  small  value  of  U  =  10  ,  Fig.vn.1a,  shows  that  the  recircu- 

la ting  flow  region  is  separated  from  the  wall  by  the  injected  fluid 
and  there  are  two  dividing  stream  Lines,  ^  =  0  which  surround  the 

recirculating,  flow  and  =  ( '-/l  *.)  lh  which  separated  injected  fluid 

__  -> 

’’rom  the  external  flow.  1  or  a  large  value  of  =  10  ‘  ,  Kig.VlT.ib 
\ r.i.i i  -Htes  that  tLie  recirculating  zone  slirinks  and  disappears, 
fro  base  bleed  eontri nutes  an  additional  term  to  the  pressure  and  the 
P'c;;, sure  ■  hangc  caused  by  the  Liase  nlred  is  shown  in  Fig. Vi  1,1c.  TL:e 
rrer.su- e  is  in  Teased  nea"  the  x-axis  but  dpi"  eases  at  some  distance 
!w.:".  flip  net  of  e-  t  is  an  increase  in  the  mean  base  pressure .  Hence, 
i  decease  in  the  base  drag.  in  order  t.o  be  effective,  15 u  should  be 

D 

it  least,  of  order  of  0.1. 


Fir.”7!.1.  Stream  lines  (a,  b)  and  change  in 
pressure  (c)  during  injection  of  a  fluid  in  the 
base  re  a-  ion  t  Berger  and  Vi  viand,  ( 1 96*?)  J 


The  drag,  coefficient  depends  on  the  momentum  coefficient  defined 


0.5-J°  u?  S 

os 


where  G  u.  is  the  mass  flow  rate,  is  the  lsentropic  expansion 
velocity  from  the  total  pressure  to  the  static  pressure  in  the  free 
stream  flow,  and  5  is  the  base  area.  This  relation  is  shown  in  Fig. 
7TT.D  by  Graven  (i960)  ‘'or  a  supersonic  jet  in  a  parameter  of  . 


Fir.VT? Dependence  of  the  coef¬ 
ficient  of  the  base  pressure  on  the 
coefficient  o  '  the  quantity  of  mo¬ 
tion  of  a  stream  when  uvo  =15.?  m/s 
[Craven  (i960).]:  a-  sonic  stream; 
b — M  .  -  1  41 


For  various  free  stream  velo¬ 
cities  increases  montonically 
with  an  increase  of  the  injection, 
and  C-D  is  given  by  a  single  curve 
in  a  function  of  k^ .  Although 
the  injection  affects  not  only  in 
the  wake  but  also  upstream,  its 
effect  is  damped  rapidly  and  basi¬ 
cally  (about  90%)  drag  reduction 


pressure 


achieved  hy  the  base 


the  compressible  "low,  the  base  pressure  depends  also  or 
.lection  parameter 


■  u .  , 


•  ejected  :  lui ;  and  the  r'-ee 
respect  5 ve^y  and  is  area 
■o  c  perforation  to  the  base- 


area  as  seen  Fig.7TT.3. 


vir.7IT . 3-  Dependence  of 
the  iiase  pressure  on  the 
parameter  of  the  injection 
1 — injection  and  porous 
base  [  Bearman,  (19^9)  J 
0 — injection  from  a  base 
cavitv  L  Towr.end  and  Reid, 

(1963)1- 


1 . ?  Transonic  External  Flow 

dykes  (1970),  investigated  the  base  pressure  and  the  base  drag  of 
the  cylindrical  and  boat-tailed  after  bodies  with  a  gas  ejection 
in  thp  transonic  ’.low  =  O.b  ~  1  . 1 )  lie  =  4  •  10 V  ft  ,  at  at¬ 

mospheric  stagnation  pressure.  The  combined  effects  of  the  gas 
•?j»<  ‘ion  ar.d  the  boat-tail  were  presented  at  X  m  -  0.95. 
i  e  model  consisted  0''  a  1  in.  diameter  c-  caliber  renter  body  and 
into-.-hanreanle  ?  aliber  a  terbodies.  The  afterbodies  consisted 
■1  cylinder  and  six  conical  boat-tails  with  angles  of  3°.  6°  a.nd 
V°  and  0''  lengths  amounting  j  and  !  caliber. 
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•  uir.  '•  i. ;  ' :  . .  J  was  c ! ose  to  that  predictea 

!  iuThu  :eu!.dir;.  la.vcr  o!  a  1/7  power  law  and  /d  =  -p 
■t.L.f ;er  )  measured  was  a  typical  one  for  a  conventional 


■  . ’  i  '  .  .  .t  ior.  or.  d  e  :  oat- tailed  oodles  was  measured  at 

: :  v't-  ric  '  .  .  : ,  ft  :  .cw  panne  superset  it:  over  tl  - 

'  f'f  !  .1  .-.tc  :r.ut  rwf  r.t  a  rapid  .  <v  pres- 

*  ,i  ••  ■  .:i‘w:.s :  •  his  S!  .  :  :  olio  wed  !. '  •.  slow 

.-oapressior.  and  the  low  Trained  <.•  i  tamed  tc  the  boat- tail 
su’-face  throughout. 

The  pressures  on  the  boat-tail  and  cylendrical  after  body  were  inde¬ 
pendent  of  ejected  mass  flow  rate  and  at  M  ,*>  =  0.95  , 

Cp  +  cpb(  J  ) 


and 


for 


C  .  (  J  )  =  -  ?.4  J  +  60  J' 
pb 


=  P./f  U  S  0.03 

'  J  OO  <3°  S 


J  is  an  ejected  gas  flow  parameter,  m  is  mass  flow  rate,  S  is  a  cross- 
sectional  area  of  the  body,  £  is  a  boat-tail  angle,  (.  is  a  body 
length  and  the  subscript  b  refers  to  the  base.  (  C  ^  )j=q  has  been 
evaluated  by  Sykes  (1970)  and  given  in  a  function  of  £_  and  a  boat- 
fail  caliber.  The  after  body  draa  0  is  evaluated  by  the  integration 
c-  the  body  pressure,  and  then  combined  with  the  base  pressure,  as¬ 
suming  that  its  value  is  constant  over  the  base  and  the  exit  of  the 
nozzle.  The  results  of  C  for  the  boat- tail  and  the  after  body  are 
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Xi<-.  /;  !  .4.  Coefficient  o  tne 
•} mg  of  various  t railing-edge 
sections  [  dykes,  ( 1970)  ]  (solid 
line — 1  diameter,  dashed  line 

diameter):  1  — — J— 0 ;  ? — .1=0. 


shown  in  Fig. VII. 4,  indicating 
that  J  =  0.0?  as  the  optimum  rate, 
ror  the  drag  reduction.  Since  the 
effect  of  the  thrust  ’rom  the 
ejected  gas  momentum  has  not  been 
included,  this  could  amount  to 
about  0.0?  change  in  at  J=0.03. 


The  results  also  show  that  the  optimum  boat- tail  angle  (of  about  ?°) 
is  relatively  insensitive  to  the  gas  ejection  rate  or  the  boat- tail 
ienrth.  The  same  optimum  condition  and  behavior  are  also  reported 
bv  bowman  and  Clay  den  (1963)  at  II  ^  =  ?,0. 

'•experiment  o'  bowman  and  Olavden  (1967).  for  cylindrical  after  bodies 
..,t  M  ^  =  1  .  y  -  3-0  shows  that  the  peak  in  the  base  pressure  occurs  at 
•ormaratively  low  rate  o  gas  ejection  or  J  =  m/js^  u^  S  amounting 
iu  L.mu  0.01.  Test  -air  was  ejected  at  the  room  temperature  through 
a  nozzle.  The  base  pressure  is  independent  of  the  nozzle  geometry 
or  values  of  .!  less  than  0.01.  Thus,  the  choice  of  the  nozzle  is 
omnaratively  unimportant  for  the  region  of  practical  interest. 


1  .  3  nii.'i  ioni'-  :'x!.ernal  Flow 

’"?!<•  base  flow  region,  where  fluid  injection  takes  place,  may  be  cha- 
r-.-t  terized  by  two  stream  line;  dividing  and  critical  stream  lines  as 
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shown  in  Fig. VI I. 5. 


Fi._-.7TT  .  c .  Flow  in  the  base 
region  C  faun,  King  and  Der.ison 
(19<->9V):  1 — Dividing  stream 
line;  ? — Dritical  stream  line. 


The  critical  stream  line  devides 
the  flow  downstream  through  the 
neck  from  the  flow  circulating  in 
the  base  region. 

Tf  no  injection  takes  place,  then 
these  two  lines  coincide,  and  with 
an  injection,  the  flow  rate  of  the 
injected  fluid  is  equal  to  that  be¬ 
tween  these  two  lines. 


Fuller  and  Reid  (19c'8)i  studied  the  problem  of  gas  injection  to  the 
supersonic  external  flow  and  the  pressure  distribution  in  the  two- 
dimensional  wake  as  seen  in  Fig. VII. 6,  VII.7  and  VII. 8. 


1 
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Fig.VIT.6.  The  ef¬ 
fect  of  streams  on 
the  flow  in  the  base 
region  [  Fuller  and 
Reid  (1958)]  (Dashed- 
dotted  lines  indicate 
the  dividing  stream 
line,  dashed  lines  in¬ 
dicate  the  boundaries 
of  viscous  flow,  the 
arrows  indicate  stream 
line) . 


'  ,  rows  f.he  wake  :  :  ow  li «.J  tn.-::- i  I r:;'  or:  the  ’’at  0  •  Lbt  to 
'•■r'-.rure  o  thf  injected  stream  p.  to  tno  sta*  1  -  r resrure  in  the 
ree  str  eam  p  ^  behind  a  :  odv  with  a  sor.i  nor.v.U'.. 

'  -atlo  o  heights  o'  the  base  section  to  the  nozzle  was  t  ar.d  :  t 
■■■•  stream  Mae.-:  mater  was  7 . 3  . 


i  ;>  rpssure  d  ■  .•  ■ 

: 'related  to  each  other. 


Fig. VII .7.  The  effect  of  a  stream 
on  the  .-rase  pressure  (}■'=?. 3) 

[  Fuller  and  Reid  (19C“)] 


uiti 


Fig.VTl.8.  Distribution  of 
the  static  pressure  along  a 
plate  (M='5.3)[  Fuller  and 
Reid  (1958)] 


.’ieverthless,  it  is  possible  to  differentiate  the  various  flow  regimes 
in  tne  t«.se  region,  (between  points  1  -  3.  3  -  6,  and  6-7/  in  Fig.VIT.?. 
joint.  1,  corresponds  to  no  injection  and  with  a  gradual  increase  of 
the  total  pressure  (point  2)  a  part  of  the  gas  sucked  into  the  external 
low  from  the  base  region  is  supplied  from  the  internal  stream.  The 
dimension  of  the  vortex  and  tendency  of  movement  of  the  vortex  toward 

'M'O 


•  r:e  external  flow  decreases.  Inclination  of  the  external  flow  also 
••to-  :  e.-iser,  but  ‘to  base  pressure  increases.  Static  pressure  along 
•. • rena : r.s  -or.star.t  up  to  the  point  where  with  supersonic  flow 
•  he:  ;  .  a  .  her.  4  :v  as  flow  rate  .approaches  to  the  maximum  amount 
•o  he  krc  the  external  low,  the  pressure  ir.  the  rase 
(■v  !,::i  v. :  n  :r  l :  olr.t  3.'  . 

:  ;  :■  -tce,  *.:.t  pressure  along  ;  r  •-  axis  ir  approximately  constant 

fir:;  ,elc  it;,  ir  suhsoui.  .  liver,  at  this  stage,  a  pai-  o' 
vertices  develop  oetweer.  two  flows  lose  to  rase  section,  but  their 
strength  is  low  having  practically  no  effect  on  the  pressure  distri¬ 
bution  in  the  tase.  With  a  further  increase  of  the  pressure  beyond 
point  3.  the  velocity  increases  and  reaches  to  the  speed  of  sound  be¬ 
tween  points  4  and  5. 

After  this,  on  the  nozzle  section  c  (Fig. VII . 6) ,  expansion  waves  occur 
and  the  velocitv  downstream  of  the  base  becomes  supersonic.  Beyond 
point  3.  the  velocitv  along  the  dividing  stream  line  CA  increases  with 
the  increase  of  the  pressure,  increasing  the  strength  of  the  pair  o 
vortices,  but  the  pressure  d^ops  between  points  C  and  A.  Thus,  the 
case  pressure  pfc  decreases  compared  to  the  pressure  at  point  A.  Along 
t  he  '-urve  J-t ,  decreases  but  beyond  point  6,  p^/p^  increases 

mono ton i. cally .  For  axisymmetric  flow,  this  trend  is  similar  to  the 
two-dimensional  ‘.low. 

1  .4  Analysis  o*~  Fluid  Injection 

Shvets  and  Shvets  in  their  book  (Chapter  I I ) ,  treated  the  analysis  of 
the  fluid  injection.  Thus,  here  only  briefly  a  presentation  is  made 
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bv  combining  parameters  of  the  injection  and  the  eri'ect  o‘  supplving 
the  reacting  gases. 

Korst  et  al  (1950 .  were  the  first  who  attempted  to  analvze  the  mass 
inje  tion  into  the  stagnant  zone  by  introducing  a  semi-empirical  coef¬ 
ficient.  Chow  (1959),  analyzed  the  base  pressure  effected  by  the 
flu  ia  injection  into  the  stagnant  zone  involving  interaction  between 
ti.i-  supersonic  external  ''low  with  the  jet  engine  stream.  It  is  assumed 
•i.a:  the  flow  is  turbulent  and  an  isoenergetir  mixing  takes  place  be- 
••..eer.  the  external  low  ai:d  the  fluid  in  the  stagnant  zone  at  a  constant 
r •assure  achieving  an  agreement  with  experimental  results. 

Korst  et  al  (19 '9)  and  I.'ash  (196?) ,  found  that  both  the  injection  of 
gas  into  the  base  region  and  the  initial  boundary  layer  thickness  in¬ 
crease  the  base  pressure. 

•f.olik  (I96f)  and  Tang  and  Barnes  (196?),  introduced  a  combined  para¬ 
meter  of  the  base  bleed  and  the  initial  boundary  layer  thickness  as 

6.  G 

X  =  ~  +  ( 

where  0.  is  the  initial  momentum  thickness,  H  height  of  the  base 
1 

and  G  the  base  bleeding  rate  per  unit  width  or  the  base  and  the  pre¬ 
dicted  base  pressure  in  an  agreement  with  the  laminar  and  turbulent 
:  low  experiment  as  shown  in  Fig. VII. 9. 

\  umhenok  ( 1 971 ) ,  investigated  effect  of  reacting  gas  injection  on 
t c.e  parameters  in  the  base  region,  by  presenting  a  burning  gas  dif¬ 
fusion  morel  and  computing  base  pressure  by  Korst 's  method. 

U6? 


''i1’.'"  T  .9.  Theoretical  and  experimental  values  of  the 
base  pressure  in  relation  to  the  combined  pa"aneter 
or  lamina:  (a)  and  turbulent  ( b''  flows  £  Tong  and  Barnes 
{'.  9b?)  3  - — th e  ecreo t  of  thickness  of  the  boundary  layer 

‘‘  =  7  ['.'bite,  (1965)  ]  ;  7 — the  effect  of  the  thickness 
o-'  bour.daT".-  layer  £  fash,  (196?)  J  ;  3 — the  effect  of  in¬ 
jection  in  the  base  region,  M  =  2  [  Korst,  Chow  and  Zum- 
walt,  ( 19^9) J 


The  turbulent  eddy  viscosity  t  is  given  by  Frandtl's  hypothesis, 

?  e  U)  =  K  c  k  f r  um 

where  K  and  c  are  constants  to  be  determined  empirically  and  sub¬ 
script  m  refers  to  tne  mixing  zone.  If  a  reacting  gas  is  injected 
into  the  base  "egion,  under  the  pertinent  conditions,  a  chemical  re¬ 
action  occurs  with  the  components  of  the  external  flow.  It  may  be 
orje  tured  that  the  rate  of  chemi  al  reaction  is  infinitely  large 
In  comparison  with  the  rate  of  diffusion.  Concentration  of  the  oxi¬ 
dizing  agents  and  flames  burning,  is  reduced  to  zero  and  the  diffusion 
‘'lows  o-"  these  components  are  determined  by  stoichiometric  relation¬ 
ships.  Conservation  of  the  mass  in  the  base  region  is  given  by 
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G  -  (j/ .  where  C  is  the  flow  rate  of  ejected  pas  per  ur.it  length, 

<y.  is  the  stream  function  determining  the  position  of  the  dividing 
stream!  :  ire  The  mass  flow  rate  of  separate  conitotser.ts  of  the  injected 


where  R  Is  oxidizing  agent,  T  is  a  product  o(  reaction. 

Summarizing  the  mass  flow  rates  of  all  components,  the  mass  flow  rate 
of  gas  entering  into  the  base  region, 

m  =  1  m.  =  G  +  f  -  -  Y.  =  T  - 

1  m  j  IT; 

1 

It  is  assumed  that  the  rate  of  chemical  reaction  between  components 
A  and  R  somewhat  exceeds  the  rate  c  r  transfer  process.  Tn  this  case, 
depending  upon  th»  ratio  m../n,  a  chemical  interaction  between  the  re- 

M  t\ 

acting  conpor.ents  takes  place  either  ir.  the  base  region  or  in  the  mixing 

■/.one.  I:  m  /r..  >  L  where  L  =  v  K  /v  v  where  K  is  the  molecular 
if  A  R  R  A  rt 

weight,  then  the  injection  component  A  burns  out  completely  in  the  base 
region.  Burning  in  the  mixing  zone  does  not  take  place  and  ir.  the  base 
region,  only  components  R,  N,  P  are  present. 

The  -esults  of  the  computation  of  the  base  pressure, 

downstream  of  the  axi-symmetric.  body  effected 
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P  "  Pb/pb(G=0) 


regie:;  a<,r es  with  the  experijnen- 


bowman  (191 


;;  \ 


er-sure  ■  vies  also  ir.  hhs  vertical  direction  or  the  ra¬ 
ti  or.  rase  o:  ess:. re  distribution  along  the  base  radius 

a  •  .  a.  c  .  1  . .•  '.  C .  .  tne  ra ng<:  o:  ar.  : 

■  .  ;->-c tiatioj.  '  dev.,  the  pressure  along  the  ra- 

*  a-,  it  ar prexirateii  :  r?  rut  c;  a  latte  flow  -ate 

.  :o  ■.  r-.cuctoni  iur  ta:  i  c.  rase  pressure,  Jhe  pressure 


or.  v/4  =  C .  i  to  the  edge . 


.10.  rhar:ge  in 
of  th'  base  se-'t 
ar.d  ts  ('Cn‘ 


the  pressure  along  the 
i or.  (model  1,  M=l)i 

■J 

-  r.OCd;  9 — J  =  O.Cd; 
V  =  O.'Tr. 


pressure  distributions  :•  ; unctions  of  J  and  Re  „  in  pa¬ 

rr  a  f ree  stream  Ka.  h  number  and  an  injection  Mach  number 
ir.  Flg.VT;  .11. 

ir  •  reace  of  a  f ree  stream  Mach  number  ,  the  maximum  vase  pres- 


•eases  a 


same 


Although  th"  trend  of  dependence  of  the 


The  base  drag  of  axisymraetric  bodies  may  be  significantly  reduced 
by  the  combined  effect  of  gas  ejection  of  a  small  amount  with  a  low  velo¬ 
city  into  the  base  region  immediately  downstream  of  the  base  and 
of  the  boat-tailing.  3owman  and  Clayden  (1968),  measured  the  base 
pressure  at  =  2,  Re  -  5  '  10^/  ft  ,  stagnation  pressure  about 
1  atm.  ejecting  air  through  a  nozzle  at  room  temperature.  The  after¬ 
bodies  of  the  model  consisted  of  a  cylinder  and  6  boat-tails  of 
length  \  and  1  caliber  with  boat-tail  angles  of  3°.  6°  and  9°. 

The  nozzle  geometry  is  comparatively  unimportant  for  the  value  of 
an  ejection  parameter  defined  by  J  =  m/j^  u^S  (where  m  is  the  rate 
of  ejection,  S  is  maximum  cross-sectional  area  of  the  body)  suffi¬ 
ciently  small  to  insure  that  the  velocity  of  ejected  gas  is  too  low 
to  cause  entrainment.  The  boundary  layer  thickness  <f  just  upstream 
of  the  a^ter  end  of  the  cylinder  was  in  close  agreement  with  a  theo¬ 
retical  flat  plate  turbulent  boundary  layer  and  <?  /d  =  0.07  (  d  is 
body  diameter)  was  the  same  order  as  on  a  typical  projectile.  The 
measured  base  pressure  for  various  boat-tail  angles  £  ,  are  shown 

in  Fig. VII. 1?  a  with  data  obtained  by  Reid  and  Hasting  (1961),  for 
S / A.  =  0.05  in  a  function  of  J  and  in  agreement  within  about 
In  Fig. VII. 12a,  the  parameter  J  is  based  on  the  fuel  diameter  of  the 
center  body. 

From  Fig. VII. 12b,  it  is  seen  that  for  the  ejection  parameter  J<  0.01, 
the  base  pressure  values  tend  to  from  a  straight  line  from  which  the 
base  pressure  may  be  predicted  to  within  Jk  by 

Vp-  =  (pb/p«)J=0  (  1  +  16  J  ) 
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may  be  obtained  from  Fig. VII. 12c  in 


The  values  of  (p^p^  )J=Q 
which  Pb/p^  is  plotted  in  a  function  of  the  boat  tail  angle  £ 

The  symbol  Pj  refers  to  the  pressure  on  the  conical  surface  of  the 
boat- tail  just  upstream  of  the  base  evaluated  by  a  characteristic 
solution.  In  this  figure,  an  experimental  curve  of  parabolic  and 
conical  boat- tails  and  two  theoretical  curves  obtained  by  semi-empi¬ 
rical  methods  of  carrelation  are  also  shown.  The  slight  differences 
among  the  results  are  attributable  to  a  boundary  layer  thickness  dif¬ 
ference.  Pressures  measured  along  the  conical  surfaces  or  the  boat- 
tails  were  ~ound  to  be  independent  of  the  gas  ejection  rate  over  the 
whole  range  of  the  ejection.  For  both  6°  and  9°  boat- tails,  the  base 
pressure  may  be  significantly  higher  than  the  pressure  on  the  conical 
surface  just  upstream  of  the  base,  with  the  consequent  development  of 
a  shock  from  the  rim  of  the  base.  The  optimum  boat-tail  angle  is  re¬ 
latively  insensitive  to  the  gas  ejection  rate  and  the  drag  reduction 
produced  by  a  given  rate  of  gas  ejection  is  insensitive  to  the  boat- 
tail  angle. 

i  .5  Flow  Regimes  and  Injection  Parameter 

The  injection  effect  of  the  pressure  in  the  base  section  can  be  clas¬ 
sified  in  three  significantly  different  regimes,  if  an  emphasis  is 
made  for  the  greatest  effect  on  the  change  in  the  flow  field  with  res¬ 
pect  to  the  mass  flow  rate  of  injected  components,  intensity  of  motion 
or  volumetric  flow  rate. 


468 


1 


*4 


» 


For  the  negligibly  small  injection  flow  rate.  Chapman  (1956)  and 
Korst  et  at  (1956),  introduced  a  flow  model. 

The  change  in  the  base  pressure,  consequently  the  characteristics 

of  near  wake  is  considered  to  depend  or.  the  normalized  mass  flow  rate. 

This  idea  is  supported  by  the  experimental  evidence  of  injected  air. 

Lewis  and  3ehrens  (1969).  through  the  experiment  of  the  base  region 

behind  a  wedge  of  6  half-angle  at  M  =  4,  in  the  range  of  Re^  -  2.7 
k  c 

x  10  -  3.0-10  '..'here  H  is  the  base  height,  found  that  the  base  in¬ 
jection  stabilizes  not  only  the  near  wake  and  delays  the  wake  transi¬ 
tion,  out  also  alters  it,  thus,  affecting  the  base  pressure.  The  in¬ 
stability  process  becomes  like  that  o^  a  parallel  wake  flow  without  a 
pressure  gradient.  The  flow  field  is  significantly  changed  by  a  helium 
injection.  The  wake  neck  opens  up  and  a  steady  laminar  region  presum- 
abl"  coincident  with  the  injectant  gas  persists  lor  several  base  heights. 
As  the  injection  rate  of  the  gas  is  increased,  the  laminar  steady  region 
about  the  wake  axis  which  is  associated  with  the  injectant  flow  is 
widened,  but  the  inner  shear  layers  merge  with  the  turbulent  remnant 
of  the  boundary  layer  and  their  fluctuations  intensities  are  increased. 
Thus,  there  appears  to  be  an  optimum  amount  of  injection  to  achieve  a 
minimum  fluctuation  level  in  the  near  wake.  Helium  is  more  stabilizing 
than  nitrogen  even  when  the  mass  flow  rates  are  adjusted  to  cause  in¬ 
itially  the  same  effect  on  the  pressure  gradient  and  the  wake  thickness. 

A  small  amount  of  base  injection  has  a  profound  effect  on  the  near 
wake  field,  however,  for  x/H  =  8.0  the  wake  turbulence  is  relatively 


unaffected. 


The  following  three  injection  parameters  may  he  noted. 
Korst  (1956)  and  Chapman  (1956)  proposed  a  parameter 


where 


Golik  (1962)  and  Tang  and  Barnes  (196?),  used  the  combined  parameter 
taking  account  of  initial  boundary  layer  thickness  and  fluid  injection 


in  A 


A  =  +  >. 

h  uV > 


Collins,  Lees  and  Roshko  (1970),  carried  out  the  experiment  of  a  lami¬ 
nar  near  wake  flow  field  of  a  two-dimensional  adiabatic  circular  cylin- 
der  with  a  surface  mass  transfer  at  M  =  6  and  Re  =  0.9  and  J.O  x  10 
Results  show  that  the  mass  addition  from  the  forward  stagnation  region 
has  no  measurable  affect  on  the  near  wake  pressure  field  for  a  moderate 
mass  transfer  rate.  But,  for  mass  addition  from  the  base,  under  the 
condition  of  a  non-vanishing  recirculating  flow  in  the  near  wake,  the 
following  injection  parameter  I  correlates  the  base  pressure  and  the 
entire  near  wake  pressure  field, 

( TiT  (  ~  '  "7»r  yt  “ 5 

2mBL  (Re«od) 

where  mgL  =  f  udy  =  f  e  ue  (  /  -  &  )  is  a  mass  flux  per  unit  span 
in  the  cylinder  boundary  layer  upstream  of  separation,  dk  is  the  mass 
flux  per  unit  span  of  injectant,  and  are  a  molecular  weight  of 

air  and  injected  fluid  respectively.  Thus,  this  parameter  I  is  based 
upon  the  momentum  flux  of  injected  fluid  and  not  based  upon  the  mass 
flux  proposed  by  Korst  for  example.  The  effect  of  the  molecular  weight 


is  crucial  to  distinguish  the  roles  of  the  mass  flux,  momentum 
flux  and  volume  flux. 


This  flow  model  is  for  the  interaction  between  the  injected  fluid 
and  the  reverse  flow.  The  mechanism  determining  the  behavior  of 
the  base  pressure  with  the  mass  addition  is  the  establishment  of  a 
stagnation  point  off  the  base,  formed  by  the  balance  of  momentum  be¬ 
tween  the  injected  fluid  and  reverse  flow  and  consequent  impression 
of  the  injected  gas  on  the  free  shear  Layer  near  the  separation. 

If  the  momentum  flux  of  the  injected  gas  is  increased,  the  reverse 
flow  is  reduced  as  a  consequence  of  a  reduction  of  the  flow  velocity 
along  the  dividing  stream  line.  Therefore,  the  base  pressure  increases 
with  the  increase  of  the  mass  addition. 

When  the  total  pressure  of  the  injected  fluid  exceeds  the  maximum 
available  total  pressure  in  the  reversed  flow,  the  entrainment  re¬ 
quired  by  the  shear  layer  is  satisfied  by  the  injected  gas  and  the 
reversed  flow  disappears. 

1 .6  Fluid  Injected  Flow  Field 

The  mixing  layer  angle  may  be  correlated  in  a  good  agreement  with 
Prandtl-Meyer  flow  angle,  expanding  from  the  static  pressure  on  the 
body  surface  close  to  the  trailing  edge  to  the  base  pressure  as  shown 
by  Bowman  and  Clayden  (1967),  in  Fig .VII. 13.  The  measured  angles  are 
less  than  would  be  expected  from  Love's  (1957),  empirical  method  as¬ 
suming  that  the  effective  two-dimensional  expanion  angle  is  O.85  of 
the  shear  layer  angle. 

Downstream  of  a  body,  the  position,  with  and  inclination  angle  of  shock 
are  shown  in  a  function  of  J  in  Fig. VII. 14, 
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Fig. VII. 13.  A.^'e  of  inclin¬ 

ation  of  the  mixing  layer 
f Bowman  and  Clayden  (196?)] 
(dashed  line— Prandtl-Meyei 
flow,  crossed  circles — Porous 
bottom) . 


Fig. VII. 14.  Dependencies  of  the 
relative  distance  from  the  base  to 
discontinuity  l  t  the  width  of  the 
central  section  b  and  angle  of  in¬ 
clination  of  leading  discontinuities 
with  undulating  configuration  of 
waves  T  on  the  parameter  of  injec¬ 
tion  (M=3)  [Shvets  and  Shvets  (1976)J 

Z  and  b  axe  normalized  with  respect 
to  diameter  of  base. 


At  a  certain  value  of  J 
configuration  transfers 
moment  all  flows  in  the 


(for  example  J  =  0.22)  the  wave- like  shock 
to  a  regular  wave  interaction  and  at  this 
wake  become  supersonic. 


Bauer  (1967),  investigated  experimentally  the  variation  of  the  base 
pressure  with  a  Re,  cone  angle  and  the  movement  of  the  rear  most  stag¬ 
nation  with  a  base  injection  rate  at  Mg,,  =  3  and  Re  =  113000  -  170000, 
using  three  cone  models  of  8°,  12°  and  16°  cone  half  angles.  At  first, 
the  pressure  map  of  the  flow  field  behind  the  cone,  with  no  injection, 
was  drawn  locating  the  recirculation  zone  and  the  wake  neck. 
Measurements  by  a  hot-wire  and  pitot  j  show  that  the  boundary  layer 

on  12°  cone  was  laminar  at  R  .  s  113*000,  transitional  at  130.000  and 

ed 

fully  turbulent  near  170.000.  In  the  laminar  range  of  Red,pb/pao 
decreased  like  Red”°’^  while  in  the  turbulent  range,  P^/p^  remained 
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almost  constant  with  Re , . 

d 

The  effect  of  nitrogen  from  the  base  of  a  12°  cone  was  to  widen  the 
wake  picture  of  no  injection,  for  example,  the  edge  of  the  shear  layer 
located  1.5  diameters  downstream  distance  moved  upward.  The  rear  stag¬ 
nation  point  of  the  recirculation  zone  was  located  at  the  point  at 
which  the  pressures  were  equal.  In  the  recirculation  zone,  the  pitot 
pressure  is  smaller  than  the  static  pressure  in  as  much  as  the  flow  past 
the  pitot  head  was  reversed  from  its  usual  direction  and  this  reverse 
flow  phenomena  persisted  as  the  injection  flow  rate  J  =  m/j^ u^S  where 
S  is  base  area  was  increased  from  0  to  0.03.  When  J  was  increased  to 
O.O36,  the  reverse  flow  region  has  just  disappeared  and  the  flow  fluc¬ 
tuated. 

Berger  and  Viviand  (1965),  predicted  such  disappearance  of  the  recircu¬ 
lation  zone  and  Zakkay  and  Fox  (1966),  found  that  their  recirculation 
zone  was  blown  away  at  J  =  0.02.  Fig. VII. 15,  shows  the  position  of  rear 
stagnation  affected  by  an  injection  with  Herzog’s  (1964)  data  obtained 
using  a  circular  cylinder  placed  its  axis  perpendicular  to  the  free 
stream  of  M  =  6  with  a  laminar  boundary  layer.  His  recirculation  zone 
was  blown  away  at  J  *  0.015.  The  position  of  stagnation  is  much  more 
sensitive  at  a  small  injection  rate  than  at  a  large  injection  rate.  It 
may  also  be  noted  from  Fig. VII. 15  that  the  recirculation  zone  does  not 
move  bodily  downstream  with  an  increasing  injection  rate,  but  apparently 
shrinks  until  some  critically  small  size  is  attained,  below  which  it 
can  not  be  maintained  in  its  closed  stream  line  form. 

The  constant  Mach  lines  in  the  base  region  of  a  blunt  cone  moving  at 

M  =  3-035*  R  j  =  1.13-105  ,  with  a  nitrogen  injection,  are  shown  hy 
ed 
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Bauer  (1968),  in  Fig. VII. 16. 
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Fig. VII. 15.  Dependence  of  dis¬ 
tance  from  the  base  of  the  model 
to  the  rear  stagnation  point  on 
the  parameter  of  injection 
(.Bauer  (  1967)  )  : 

1 — Two-dimensional  flow,  M  =  6 
(Herzog,  (1964)")  ;  2 — Axisvmmetric 
flow,  M  =  3  (Bauer,  (l96?)j  . 


Fig. VII. 16.  Lines  of  co  istant 
M  numbers  with  injection  of  ni¬ 
trogen  (M  =  3.03,  Re  r  l.l-lO^, 
JM  =  0.012  (Bauer, ("968))  . 


The  boundary  layer  on  the  model  was  laminar  and  its  displacement 
thickness  amounted  to  17%  of  the  base  diameter. 


The  nitrogen  was  discharged  at  a  flow  rate  of 


G 

fto  u  •«  S 


0.012 


where  Moo  is  the  molecular  weight  of  the  free  stream  and  is  mole¬ 
cular  weight  of  the  nitrogen.  The  experiment  was  repeated  with  a 
helium  injection  of  =  0.05  and  the  stagnation  zone  configuration 
was  similar  to  that  in  Fig. VII. 16.  The  mass  injection  rate  was  always 
more  r.han  suf  ficient  for  the  nozzle  throat  to  be  sonic.  Therefore, 
the  injected  flows  were  underexpanded  at  the  nozzle  exits  and  the  stream 
became  supersonic. 

'  '  is  to  be  noted  that  in  spite  of  the  fact  that  the  injected  gas 
reached  Mach  number  3.  at  a  distance  of  0.1  d,  the  gas  flow  slows  down 
to  the  zero  velocity  at  a  distance  of  0.6  d.  Such  an  injection  does 
not  blow  away  the  usual  recirculation  bubble.  Instead,  the  stream  di- 
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vides  and  goes  around  the  recirculation  bubble  which  is  identified  by 
the  line  of  a  zero  Mach  number. 


The  interaction  phenomena  of  an  injected  gas  with  the  reversed  flow 
may  lead  to  the  understanding  of  the  pressure  in  a  near  wake.  Namely, 
the  change  of  the  pressure  in  the  near  wake  is  caused  by  the  balance 
between  momentum  ''lux  of  the  injected  gas  ano  the  reversed  flow  with  a 
high  degree  of  dissipation  at  the  base  point  of  deceleration. 


1 . 7  Injection  of  Different  Gases 

Since  no  theoretical  model  exists  to  formulate  the  similarity  of  beha¬ 
viors  of  various  different  injected  gas,  parameters  such  as  the  Mach 
number,  flow  rate,  momentum  and  velocity  proportional  to  volumetric 
flow  rate  and  total  enthalpy  of  flow  etc.  are  to  be  investigated. 


Bauer  (1968),  measured  the 
ratio  of  pitot  pressure  to 
the  free  stream  static  pres¬ 
sure  at  3  diameters  behind 
the  model  base  and  showed 
the  change  in  the  pitot  pro- 


Fig.VTI.17.  Patio  of  pressure,  mea-  file  effected  by  a  helium  and 

sured  by  a  pitot  tube,  to  static  pres¬ 
sure  of  free-stream  flow  (M  =  3.  =  nitrogen  injection  in  Fig. VII. 17. 

r  -  *" 

0.018)  [Bauer  (1968) J  (Solid  line— 

without  injection,  dashed-dotted  line — 
injection  of  nitrogen,  dashed — injection 
of  helium;  the  figures  designate  the 
model  numbers) . 
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The  location  and  size  of  injection  ports  are  ; 


model 

number  of  holes 

ratio  of  total  hole 
area  to  base  area 

hole  locations 

1 

63 

0.053 

spaced  to  cover 
inner  70^  of  the 
base  radius 

2 

1 

0.0088 

at  base  center 

3 

1 

0.052 

at  base  center 

4 

8 

0.0098 

on  a  circle  of 
radius  equal  to 

62$  of  the  base 
radi  us 

5 

8 

0.054 

on  a  circle  of 
radius  equal  to 

62%  of  the  base 
radius 

6 

8 

0.0156 

hole  was  in  the 
inner  radius  of  a 
tube  that  extended 
a  distance  of  156^ 
of  the  base  radius 
outward  normal  to 
the  base 

Fig. VII. 17,  shows  the  coordinate  y,  the  distance  from  the  model  sym¬ 
metry  axis,  normalized  by  base  diameter  d.  Near  y/d  =  0,  the  pitot 
pressure  "bucket"  exists  which  corresponds  to  a  viscous  wake.  At  y/d= 
0.5  with  zero  injection  the  wake  recompression  shock  appears  as  a  sharp 
negative  gradient  in  the  pitot  pressure.  The  pitot  pressure  increase 
again  beyond  the  shock  where  the  Mach  number  is  decreasing  with  increas¬ 
ing  y/d. 

For  model  6,  helium  on  the  nitrogen  injection  of  =  1.8  %,  has  little 
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effect  on  the  pitot  profile,  while  for  model  2  and  3*  with  a  central 

injection,  a  viscous  bucket  deepens  and  pushes  the  wake  recompression 

shock  farther  from  the  axis  in  opposition  to  the  intuitive  idea  that 

the  injection  along  the  axis  should  fill  the  wake  bucket. 

When  the  injection  ports  are  moved  outward  toward  the  base  periphery 

for  the  cases  of  model  4  and  5*  the  viscous  wake  bucket  and  recompres- 

sior.  shock  are  affected  to  a  larger  degree  by  the  injection  of  J  =18£. 

n 

The  helium  is  almost  as  effective  as  the  nitrogen  in  deepening  the 
wake  bucket  despite  of  the  fact  that  the  helium  mass  flow  rate  was 
seven  times  smaller  than  that  of  the  nitrogen,  since  the  number  of  mol¬ 
ecules  injected  was  same  in  both  cases.  The  helium  injection  causes 
the  large  pressure  gradient  representing  the  wake  recompression  shock 
to  disappear  for  models  4  and  5>  whereas  a  nitrogen  injection  does  not 
do  this.  A  cause  of  this  phenomena  may  be  the  much  larger  sonic  speed 
in  helium  which  may  result  in  a  subsonic  type  of  recompression  at  the 
wake  neck.  The  model  1  was  tested  with  a  nitrogen  injection  only  and 
its  injection  effects  were  intermediate  between  those  obtained  with 
models  3  and  A. 

I . °  boundaries  of  a  Wake 

Lewis  and  '.'napkis  (1969).  measured  the  wake  growth  and  the  wake  bound- 
]  f  rebind  an  adiabatic  two-dimensional  wedge  at  Mach  4  with  tripped 
•  i.v'nu lent  boundary  layers  ana  -use  mass  addition. 

_ t  is  noted  that  the  injectant  velocities  are  considerably  larger 
fractions  of  the  free  stream  velocity  than  would  be  the  case  for  the 


flight  conditions  even  though  the  mass  addition  rates  are  comparable. 


I  i  i 


3  4-5  6  7  8X/H 

Fig. VII. 18.  Growth  of  the 
lateral  dimensions  of  a  wake 
[Lewis  and  Chapkis  (1969)  3 

1 —  J=0;  2 — Helium  u^/u  =0.47; 

3--Nitrogen  u^/u  =  0.5. 


Fig. VII. 19.  Similarity  of  velocity 
profiles  in  a  wake  without  an  in¬ 
jection  and  with  injection  of  ni¬ 
trogen  [Lewis  and  Chapkis  (1967)1: 

1 — x/H=8,  J=0;  2— x/H=6,  J=0;  3~ 
x/H=4,  J=0;  4~x/H=8,  J=0.03;  5— 
x/H=6,  J=0.03;  6— x/H=4,  J=0.03. 


The  wake  width  was  altered  (thinner  for  helium  injection)  but  the  dif¬ 
ferences  are  small  amounting  15%.  The  no- injection  wake  growth  is 
close  to  that  predicted  for  a  self-similar  incompressible  wake. 
Apparently  effects  of  compressibility  and  nonsimilanty  are  negligible. 
The  range  of  investigation  up  to  x/H  -S-  8  does  not  allow  one  to  express 
an  opionion  for  the  relative  asymptotic  growth  of  the  injected  wake, 
but  it  seems  to  indicate  that  their  growth  rate  is  close  to  that  of  a 
nonin jected  wake.  A  similarity  of  a  mean  velocity  profile  in  a  wake 
with  and  without  a  nitrogen  injection  in  Fig. VII. 19  may  be  he  approxi¬ 


mated  by  the  Gaussian  profile  given  by 

-s(r) 


U  -  u„ 


=  1  -  e 


and 


s  =  2.06 


4?8 


where  is  the  velocity  along  the  axis,  s  is  the  base  area  and  h 
is  the  width  of  the  wake. 

The  mean  velocity  profiles  for  both  wakes  are  seen  to  exhibit  a  re¬ 
markable  similarity  and  as  close  as  x/H  =  4,  no  significant  distor¬ 
tion  of  the  velocity  profile  is  perceptible. 

Lewis  and  Chapkis  (1969),  found  that  the  base  pressure  increased  with 
increasing  >.  mass  addition  when  the  injection  was  subsonic,  whereas 
the  supersonic  injection  (which  occurred  for  a  nitrogen  injection  when 
m/f5  u  S  >  2.5®)  resulted  in  a  decrease  in  base  pressure. 

The  static  pressure  gradients  in  the  wake  were  greatly  reduced  by  small 
amounts  of  a  base  mass  addition.  The  recirculation  zone  was  slightly 
displaced  with  the  base  injection  and  to  decrease  in  size  with  the  in¬ 
creasing  mass  addition  until  it  vanished. 

1.9  Field  of  Concentration 

The  dominant  feature  of  the  near-wake  mass-concentration  field  is  the 
axial  decay  of  the  mass  concentration  from  the  base  toward  the  rear 
stagnation  point  due  to  the  counter-flow  diffusion  of  the  injected 
species  into  the  reverse  flow.  Another  important  aspect  of  the  mass- 
concentration  field  is  the  existance  of  an  outer  transport  layer  shown 
in  Fig. VII. 20  which  is  an  isometric  plot  of  the  argon  mass-concentra¬ 
tion  field.  This  outer  layer  occurs  in  the  vicinity  of  the  shear  layers 
and  governs  the  transport  of  mass  between  the  recirculating  vortex  and 
the  outer  flow  by  diffusion  across  the  shear  layers,  thus,  establishing 
the  outer  boundary  condition  on  the  inner  recirculating  flow. 
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For  Re^  =  3  x  10  ,  the  transverse  mass-concentration  profiles  in 

Fig. VII. 20  are  characterized  by  an  off-axis  maximum  in  the  vicinity 

of  the  u  =  0  i'-'ius  as  a  result  of  the  convection  of  the  high  mass- 

concentration  layer  near  the  base  into  the  shear  layer  by  the  recir- 

4 

culating  flow.  For  Re  =  0,9  *  10  ,  the  mass-concentration  field 

<*°  a 

is  diffusion  dominated  within  the  recirculating  zone.  At  this  lower 
Reynolds  number,  there  is  no  local  maximum  and  the  outer  transport 
layer  is  no  longer  distinct. 

Scott  and  Eckert  (1966),  postulated  the  existance  of  two  thin  layers 
to  describe  the  transport  of  heat  between  the  body  and  the  outer  flow. 
The  first  layer  in  their  model,  a  boundary  layer  at  the  base  governs 
the  transport  of  heat  or  mass  at  the  body  surface.  This  layer  corres¬ 
ponds  to  the  base  boundary  layer  for  low  Reynolds  number  of  the  Collins 
et  al  (1970)  experiment.  The  second  layer  of  Scott  and  Eckert's  (1966) 
model  corresponds  closely  with  transport  layer  observed  by  Collins  et 
a.l  and  governs  the  transport  of  heat  or  mass  between  the  recirculating 
vortex  and  the  outer  flow. 

The  presence  of  the  rear  stagnation  point  imposes  as  the  solution  to 
the  species  equation  for  the  linear  superposition  of  a  positive  and 
a  negative  exponential  function.  This  negative  exponential  corres¬ 
ponds  to  the  decay  from  a  source  at  the  base  stagnation  point  into  a 
uniform  flow  of  finite  extent  with  lateral  diffusion,  whereas  the  po¬ 
sitive  exponential  represents  the  decay  toward  the  base  of  the  mass 
concentration  supplied  by  a  source  at  the  rear  stagnation,  whose 
strength  is  determined  by  the  outer  flow. 
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The  presence  of  the  rear  stagnation  point  and  the  finite  width  of 
the  mass-concentration  profiles  at  the  neck,  require  that  there  be 
an  intermediate- wake  region.  In  this  region,  the  mass-concentration 
and  velocity  fields  experience  a  transition  from  those  imposed  at 
the  rear  stagnation  point  by  the  near-wake  flow  to  their  respective 
asymptoiic  far-wake  distribution. 

In  the  intermediate-wake  region,  the  mass-concentration  field  has  been 
examined  by  an  approximate  theoretical  model,  assuming  the  mass-con¬ 
centration  distribution  is  Gaussian  in  the  incompressible  plane. 

For  the  argon  addition,  the  axial  diffusion  terms  are  negligible  and 
the  species  conservation  equation  on  the  axis  gives  a  representation 
for  the  axial  decay. 


1.10  Injection  into  a  Boundary  Layer 

By  injecting  fluid  over  the  surface  of  a  body,  the  velocity  profile 
is  changed,  especially  within  the  boundary  layer,  increasing  the  ve¬ 
locity  if  the  injection  fluid  velocity  is  tangential  to  the  body 
surface.  For  the  analysis  of  self-similar  injection,  Baum,  King  and 
Denison  (1964),  used  profiles  of  Emmons  and  Leigh  (1953)  and  for  en¬ 
thalpy  profile  the  Crocco  integral.  With  the  increase  of  an  injec¬ 
tion  on  the  body  surface  the  velocity  ratio  u./u  along  the  dividing 
line  increases  slowly  causing  longer  wake. 

Gassanto  and  Mendelson  (1968),  after  a  brief  survey  of  turbulent  ground 
test  base  pressure  data  and  full-scale  flight  data,  have  hypothesized 
that  the  following  two  mechanisms  may  account  for  the  increase  of  the 
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base  pressure  level  and  the 
gradient  with  an  increasing 
mass  addition  rate. 

First,  the  mass  addition  tendB 
to  thicken  the  boundary  layer, 
especially  the  laminar  sub¬ 
layer,  and  the  large  laminar 
sublayer  may  become  a  pseudo- 
laminar  in  the  base  region. 

The  thicker  boundary  layer 
which  includes  the  mass  flow 


Fig. VII. 20.  Field  of  concen¬ 
tration  of  argon  in  a  near 
wake  with  injection  through 
the  base  section  (dashed  lines 
--boundary  of  the  wake) 

[.Collins,  Lees  and  Roshko(i970)  J 


A—  Re„  d~2.95  •  104,  J=4.28-102 

B~Re  '  =  0.90-104,  J=4.15.10”2 
,d 


due  to  ablation,  flows  into 
the  wake  region  and  enlarges 
the  wake  neck  and  changes  the 
wake  expansion  angle.  Such 
larger  expansion  angle  is  simi¬ 
lar  to  what  would  be  expected 
in  laminar  flow  causing  higher  base  pressure. 

Secondly,  the  thicker  boundary  layer  may  cause  a  greater  adjustment 
of  the  inveiscid  flow  field  to  the  boundary  layer  flow.  The  effect 
of  increasing  the  boundary  layer  by  a  mass  addition  is  to  increase 
the  shock  angle.  Consequently,  to  decrease  the  local  edge  Mach  number 
and  to  increase  the  edge  pressure. 

Bulmer  (1972),  presented  the  flight  test  data  on  the  base  pressure  for 


two  re-entry  vehicles  with  a  very  low  ablation  mass  flow  rate  J  = 
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0.001  -  0.002  in  the  turbulent  flow  at  14  <.  M  <  16.5,  angle  of  attack, 
less  than  0.3  and  compared  with  the  low  ablation  rates. 

The  flight  vehicles  were  a  relatively  sharp  cone  of  a  half  angle  9° 
and  bluntness  0.05. 

The  heat-shield  ablation  rates  were  determined  by  a  coupled  solution 
between  the  detailed  ablating  boundary  layer  and  the  transient  heat 


conduction  calculations. 
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Fig. VII. 21.  The  effect  of  intake 
of  mass  on  base  pressure  with  tur¬ 
bulent  flow  [Bulser  (1972)  J  1 

1— r/Rb  =0.1  [Bulner(1972)Jj  2— 
r/R^  *  0-5.  flight  tests  [cassanto 
and  Hoyt  (1970)]  ;  3— r/Rfe  =  0 
[Cassanto  and  Storer  (1968)]  (cor¬ 
relation);  4-— t/r^  =  0.3  [Cassanto 
and  Storer  (1968)J  (correlation). 

mass  addition  amounting  J  <.  0.000 3. 


Fig. VI I. 21  shows  a  comparison 
of  Bulser ‘s  (1972)  data  with 
others  and  correlations  in 
terse  of  the  k,  the  ratio  of 
the  base  pressure  with  a  aass 
addition  to  the  base  pressure 
with  no  nass  addition.  It  is 
apparent  from  this  figure  that 
even  a  very  low  J -values  say 
have  a  substantial  effect  on 
turbulent  base  pressure. 
Cassanto  (1972),  provided  fur¬ 
ther  evidence  that  the  base 
pressure  say  be  increased  sig¬ 
nificantly  ty  a  snail  ablation 
This  flight  data  measured  with 


bluntness  r/R^  =  0.3,  corresponds  approximately  to  1.2<  k  =  1.4  for 

Q 

Re^  -  1.0  -  2.4  x  10°  where  k  is  the  ratio  of  the  base  pressure  with 
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a  mass  addition  to  the  base  pressure  with  no  mass  addition  and  re¬ 
veals  a  much  higher  pressure  than  predicted  by  correlation  in 
VII. 21  (kcr  l.l).  This  data  representing  the  lowest  ablation  rates 
reported  are  additional  evidence  that  even  a  very  low  mass  addition 
may  produce  substantial  increase  in  the  turbulent  base  pressure. 

• 

2  'rejection  ot'  Energy 

Pay  e  and  Korst  (19551.  indicated  theoretically  and  experimentally  that 
tor  a  two-dimensional  system,  a  further  but  relatively  smaller  decrease 
in  the  base  drag  may  be  achieved  by  heating  the  ejected  gas.  In  prac¬ 
tice,  Clayden  and  Bowman's  (1968)  experiment  for  the  base  drag  reduc¬ 
tion  by  a  hot  gas  ejection  behind  the  cylindrical  after  bodies  at  M  = 

2.0  .s  applicable  to  external  ballistics.  Clayden  and  Bowman  (1968), 
used  a  model  of  o...  .xisymmetric  open  jet  nozzle  concentric  with  a  cylin¬ 
drical  body  ejecting  heated  argon  from  the  cylindrical  base.  Although 
the  tunnel  was  operated  continuously,  the  argon  concentration  in  the 
main  stream  did  not  rise  more  than  about  1%,  because  the  tunnel  circuit 
wri ;>  ontinuously  evacuated  and  simultaenously  replenished  with  dry  air. 
ri.e  u:gon  was  ejected  through  either  of  two  nozzles,  nozzle  1  of  exit 
•i  i  unetor  3/  6  m.  and  nozzle  2  of  exit  diameter  0.2  in..  These  are  con¬ 
sidered  to  t't-  t'.pical  o:  the  nozzles  used  ir  the  rocket-assisted  shells. 
Nozzle  1  was  used  for  all  tests  up  to  values  o'  an  ejecied  pas  flow  rate 
for  which  a  peak  in  the  base  pressure  occurred  ^ for  hot  gas  J  ~  0.003). 
The  ratio  of  turbulent  boundary  layer  thickness,  just  upstream  of  the 
base  to  body  diameter,  was  w—  0.007  and  is  of  the  same  o"der  as  on  a 


typical  projectile.  The  measured  base  pressure  in  functions  of  J 
and  an  enthalpy  increase  of  ejected  gas  A  i/Gi  (joule/g)  are  shovm 
in  Fig. VII. 22. 


For  the  temperature  evaluation 
it  was  assumed  that  the  gas  was 
in  equilibrium.  In  a  practical 
case  it  is  possible  that  the 
ejected  gas  may  consist  of  com¬ 
bustion  products  which  would  be 
significantly  ionized. 

In  this  figure,  it  is  shown  quali 
tatively  that  at  low  flow  rates, 
the  increase  in  base  pressure  is 
approximately  proportional  to  the 
increase  in  ejected  gas  enthalpy, 
but  at  higher  flow  rates  this 
trend  does  not  persist  for  high  enthalpies.  It  is  noted  that  for  a 
given  ejected  gas  flow  rate,  by  heating  the  gas  from  the  air  stream 
stagnation  temperature  to  a  typical  rocket  propellant  the  gas  tempera¬ 
ture  ( 2500°k),  approximately  doubles  the  increase  in  the  base  pres¬ 
sure  due  to  an  ejection  and  the  peak  in  the  base  pressure  occurs  at 
roughly  half  the  mass  flow  rate  corresponding  to  the  co^d  gas  peak. 

For  the  region  of  practical  application,  i.  e.  for  values  of  J,  below 
to  the  peak  in  the  curve  of  p^/p^,  vs  J,  and  for  ejected  gas  tempera¬ 
ture  <  3000 °K ,  data  of  Fig. VII. 22  are  correlated  by 

Vp«  =  (  Pt/P«  >J»0  *  [  kl  +  k2  (  Ti  '  T*  >  3  •  J 


Fig. VII. 22.  Dependence  of  the 
relative  base  pressure  on  the 
flow  rate  of  the  ejected  gas 
[C layden  and  Bowman  (1968)]  : 

1  — Ai/Gi  =  0,  Ti  *  290  ;  2— 
Ai/Gi  =  1000,  Ti  =  2200;  3“ 
^i/Gi  *  1*)00,  Ti  =  3160;  4— 
Ai/Gi  *  2000,  T  =  4100;  5“ 
Aki  /Gi  ■  2500,  Ti  =  5070. 


where  =  12.25.  k^  =  0.005  and  T\  is  the  temperature  of  ejected 
* 

gas  and  T  is  the  temperature  of  declaration  of  the  gas  of  external 
flow. 

An  unexpected  finding  was  obtained  by  using  nozzle  2,  because  for  a 
given  flow  rate  and  ejected  gas  temperature,  measured  value  of  p^  with 
nozzle  2  (smaller  exit  diameter)  was  almost  twice  as  large  as  nozzle  1 
(larger  exit  diameter)  contrary  to  the  previous  conclusions  of  Feid 
and  Hastings  (1961)  and  Bowman  and  Clavden  (1967)  that  the  method  of 
ejecting  gas  appears  to  be  important  even  at  very  low  mass  flow  rate. 
It  is  not  clear  why  the  smaller  nozzle  should  be  more  effective,  but 
it  may  be  possible  that  the  high-speed  jet  from  the  nozzle  impedes 
the  formation  of  stable  vortex  ring  in  the  separated  flow  region  and 
hence  reduces  entrainment  by  the  shear  layer. 

Beyond  the  peak  of  p^/p a.  vs.  J  for  the  heated  gas,  the  base  pres¬ 
sure  drops  rapidly  with  an  increasing  flow  rate  and  the  reduction  in 
the  base  pressure  is  so  rapid  that  the  increase  in  the  base  drag  more 
than  offsets  the  increased  thrust  due  to  ejection.  Therefore,  if  a 
small  rocket  motor  were  operated  in  this  region,  an  increase  in  flow 
and  thrust  could  result  in  am  over-all  loss  of  performance. 

T  f  the  increase  in  the  base  pressure  is  converted  to  an  equivalent 
thrust,  the  efficiency  of  the  gas  ejection  process  may  be  expressed 
in  terms  of  ' pecific  impulse  and  in  the  following  table  specific  im¬ 
pulses  of  nozzle  1  and  2  are  compared. 
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Table  ;  specific  impulse  due  to  increased  base  pressure 
and  thrust 


nozzle 

T 

ejected  enthalpy 
increase( joule/g) 

i/G 

Effective  S.I . 
due  to  increase 
in  base  pressure 
sec 

Estimated  S.I. 
due  to  thrust 

1 

0.002 

0 

113 

— 

0.002 

1000 

226 

— 

0.002 

1500 

260 

— 

2 

0.002 

0 

207 

40 

0.001 

1350 

377 

140 

Jakubowski  and  Lewis  (1973).  measured  the  heat  transfer  and  the  pres¬ 
sure  distribution  in  laminar  supersonic  flows  downstream  of  a  rearward 
facing  step  without  and  with  a  mass  6uction  from  the  separated  region. 

Flow  and  test  conditions  were  Met  4,  40<r  Re  2200, 

o>  “ 

0.1  <  h/cT-e-  2.4,  0.055  <  Tw/To<t  0.11  and  0.1-d  w  <  0.8 

where  h  is  the  step  height,  subscript  w  and  o,  refer  to  wall  and  stag¬ 
nation,  symbol  w  =  m  / f  u  bh  the  nondimensional  mass  suction  rate, 

m  is  suction  mass  flow  rate  and  b  is  model  width. 

s 

The  following  results  were  obtained  ; 

For  both  suction  and  no-suction  cases,  an  increase  in  the  step  height 
caused  a  sharp  drop  in  the  initial  heating  rates  at  the  step  base  which 
then  generally  recovered  to  less  or  near  the  attached  flow  rates.  The 
height  of  the  step  controlled  the  heating  rates  at  the  step  base,  clearly 
dominating  the  effects  of  stagnation  temperature  and  pressure. 
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The  ratio  of  the  maximum  heat  transfer  in  the  recompression  zone  to 
the  attached  flow  rate  at  the  step  (  q  /  q  .  )  was  less  than 

unity  and  decreased  slowly  with  h/^T  or  Re^^. 

The  mass  suction  from  the  separated  area  increased  the  local  heating 
rates.  The  relative  increase  being  most  significant  immediately 
behind  the  step.  However  the  effect  of  the  mass  suction  on  the  heat 
transfer  at  all-laminar  flows  was  relatively  weak  and  a  mass  suction 
rate  exceeding  the  mass  flow  rate  of  the  entire  boundary  layer  up¬ 
stream  of  step  was  needed  to  reach  the  post-step  heating  rates  above 
the  flat-plate  value.  Pressure  distribution  downstream  of  the  step 
depends  on  the  entrainment  at  separation.  Without  suction,  the  base 
pressure  correlated  reasonably  well  with  parameters  Re  and  h/eT 
and  the  length  of  the  pressure  plateau  behind  the  step  was  very  small. 
With  the  suction, pressure  distribution  downstream  of  step  resembled 
those  of  no-suction  solid  step. 

3.  Combustion 

Because  the  combustion  process  in  a  wake  is  complex,  the  solutions 
of  the  combustion  problems  are  rather  approximate.  Libbi  (1962)  and 
Abramovich  (1963),  considering  the  chemical  reactions  in  the  mixing 
zone  of  two  free  streams,  consider  that  the  reactions  occur  in  the 
very  narrow  diffused  zone  or  within  a  flame  front.  Based  upon  the 
concept  of  a  flame  front  of  the  flow  in  a  base  region,  the  parameters 
of  a  near  wake  flow  may  be  formulated. 

Libbi  (1962),  proposes  for  the  analysis  of  the  turbulent  mixing  of 
reacting  gaseB,  applicable  to  a  supersonic  hydrogen  combustion  that 
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the  flow  is  assumed  to  be  either  frozen  or  in  chemical  equilibrium. 
The  analytical  results  based  upon  chemical  equilibrium  agree  very 
well  with  experimental  data  obtained  for  hydrogen  flames  with  a  low 
flow  velocity. 


"owver  and  Carter  (196s),  investigated  experimentally  the  base  pres¬ 
sure  affected  by  hydrogen  burning  in  the  separated  zone  downstream  of 

a  protuberance  as  shown  in  Fig. 
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Fig. VII. 23.  Dependence  of  relative  w  is  weight  rate  of  hydrogen 
base  pressure  on  dimensionless  flow 
rate  of  the  mass  injected  in  the 
base  region  (M  =  1.5*0  [Bowyer  ami 
Carter, (1969)J  (Dashed  line  —  is 
linear  approximation  of  experimen¬ 
tal  data) . 


bleed,  p  is  supply  stagnatric 
OS- 

pressure,  T  is  supply  stagna- 
oa 


trie  temperature,  g  and  R  are 
gravitational  and  gas  constant,  respectively  and  A  is  area. 

Davis  (1968),  presented  the  analysis  and  experiment  of  turbulent  near 
the  wake  flow  downstream  of  blunt  based  bodies  with  a  chemical  reac¬ 
tion  occurring  along  the  free  shear  layer.  Analytically,  the  bulk  pro¬ 
perties  of  wake,  temperature,  density  and  species  concentration  profiles 
through  the  reaction  region  were  determined  by  an  iterative  process,  em¬ 
ploying  conservation  equations  of  mass,  species  and  energy. 

An  experiment  was  carried  out  for  a  free  stream  Reynolds  number  per  foot 


1.3  x  10'  affected  by  turbulent  shear  at  the  Mach  number  of  1.98. 
Gaseous  hydrogen  was  bled  into  the  near  wake  and  was  ignited  by  a 
spark.  Davis  (1968),  attempted  to  employ  a  modified  Chapman-Korst 
flow  model  as  seen  in  Fig. VII. 24,  including  a  nonisentropic  recom¬ 
pression  coefficient  and  a  flame-sheet  reaction  concept  assuming  unity 
of  Prandtl  and  Lewis  number  so  that  Crocco  integrals  are  applied 
yielding  element  mass  fractions  and  total  enthalpy  functions  which 

are  linearly  dependent  on 
velocity. 

Furthermore,  the  following 
assumptions  are  made  for  an¬ 
alysis  ; 

Constant  pressure  mixing  along 


1— Injection  of  hydrogen;  2 — Mixing 
zone  —  combustion  in  a  free  shear 
layer;  3 — Separation  stream  line;  4 — 
Zero  stream  line;  5 — Field  in  front 
of  the  discontinuity;  6 — Field  behind 
the  discontinuity. 


oxidizer  diffuse  towards  the 
reaction  region  from  opposite 
sides  in  stoichiometric  amounts 
and  are  completely  consumed  at 
a  thin  flame  sheet,  recompres¬ 
sion  between  5  and  6  is  such  that  Pgi^/P^  =  N  (p^/p^)  where  subscripts 
0  and  d  are  stagnation  and  dividing  stream  line,  N  is  an  empirically 
determined  recompression  coefficient  (David(l968) ,  found  that  N  =  0.78  - 
0.80  in  his  experiment)  and  Pg/Pc;  is  oblique  shock  pressure  ratio  and 
properties  within  the  recirculation  regions  are  homogeneous. 


The  measured  and  computed  properties  are  given  in  a  function  of  the 


dimensionless  bleed  number  f1  defined  by 

I"  =  (CB/poa-;;)  {  Toa  Ra  [  (  * 

where  GD  is  the  bleed  mass  flow  rate  per  unit  length,  H  the  base 
height,  R  the  base  constant,  T the  ratio  of  spectific  heats  of  gas 
mixture  and  subscripts  o  and  a  are  stagnation  and  free  stream  condi¬ 
tions  respectively. 

The  agreement,  between  the  data  of  experiment  and  analysis  for  den¬ 
sity  ratio  through  the  mixing- reaction  region  and  concentrations  of 
hydrogen  and  nitrogen,  is  obtained.  However,  the  observed  concentra¬ 
tions  of  water  vapor  were  considerably  less  than  that  predicted  by 
the  theory  and  definite  amounts  of  oxygen  were  observed  within  the 
wake.  As  shown  in  Fig. VII. 25a,  at  a  bleed  number  above  about  5.0  x  10  ^ 
the  effect  of  the  combustion  remains  nearly  constant  indicating  that 
a  maximum  energy  release  has  been  reached.  Thus,  any  additional  in¬ 
crease  in  the  base  pressure  was  due  to  mainly  to  a  mass  addition. 

The  cuestion  whether  it  is  more  effective  to  reduce  the  drag  by  ex¬ 
ternal  burning  :  the  base  region  or  to  overcome  the  drag  by  supplying 
more  power  to  the  main  propulsion  system  is  answered  by  an  effective 
specific  impulse  of  base  burning  based  on  the  bleed  rate  of  hydrogen 
shown  in  Fig. VII. 25b,  where  S.  I.  is  the  effective  specific  impulse- 
reduction  in  base  drag/fuel  flow  rate  -  for  base  burning  of  the  order 
of  10,000  sec. 

Fig. VII. 25c,  indicates  the  mean  wake  temperature.  The  higher  temper¬ 
atures  measured  at  lower  bleed  rates  are  due  to  the  theoretical  shift 
in  the  location  of  the  flame  as  the  hydrogen  concentration  in  the  wake 
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decreased.  At  lower  bleed  rates,  the  theoretical  location  of  the 
flame  was  inside  the  dividing  stream  line,  causing  oxygen  to  recir¬ 
culate  into  the  near  wake  and  combustion  to  take  place  inside  the 
mixing  i-egion,  failing  the  concept  of  flame  sheet. 

Fir.VII.2fd,  shows  the  locations  of  the  flame  and  the  dividing  stream 
line  as  affected  by  the  base  bleed  rate 


auriuient  diffusion  gas  torches  for  burning  gas  or  any  fuels  are 
to  ,-p  considered  for  analysis.  The  distribution  of  a  flame  front  in 


a  wake  flow  with  low  velocity  can  :>e  obtained  by  solving  equations  of 
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Fig. VII. Influence  of  wake 
burning  as  base  pressure  (a)  the 
effective  specific  pulse  for  base 
burning  (b)  Bulk  wake  temperature 
with  base  burning  x/L  =  0.4  (c) 
Flame  sheet  and  dividing  stream 
line  locations  as  affected  by  hy¬ 
drogen  bleed  rate  (d)  on  the  flow 
rate  of  hydrogen  when  burning  in 
a  wake  (H  =  12.7  mmf  M  =  1.98) 

[ Davis  (1968) J  : 

1 — 3,  6 — Experiment;  4, 5, 7, 8 — Cal¬ 
culation;  1 — Injection  in  burning; 

? — Burning;  3 — Injection;  7 — Front 
of  flame;  8 — Separation  stream  line. 


Gi  -  injected  gas  flow  rate 
H  -  height  of  base  section 
R  -  gas  constant 
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kinetics  of  chemical  reactions,  equations  of  motion  and  energy.  At 
present,  the  problem  of  the  stabilization  of  the  flames  with  bluff 
bodies  in  the  gas  flow  of  the  combustion  mixture  is  being  investigated. 
3ut,  in  spite  of  numerous  studies,  up  to  now,  there  is  no  single  all- 
inclusive  theory  which  explains  the  mechanism  of  stabilization  of  the 
:  lame  by  a  blunt  body. 

Zakkay  and  Fox  (1966),  analyzed  the  effect  of  chemical  reactions  due 
to  an  injection  on  the  base  pressure  downstream  of  a  flat  surface.  The 
results  of  numerical  calculations  are  presented  for  a  gas  (oxygen  type) 
with  varying  amount  of  injection,  base  height  and  base  section  tempera¬ 
ture. 

4.  Base  Flow  Fluctuation  Affected  by  Injection  of  Gas 
The  flow  fluctuation  in  the  base  region  is  affected  by  the  fluid  in¬ 
jection.  Lewis  and  Behrens  (1969),  measured  a  fluctuation  behind  a 
wedge  of  6°  helf-angle,  injecting  nitrogen  into  the  base  region  at  the 
flow  rate  G/^>  eu<>o  S  =  0.034  and  helium  at  0.005  for  Be^  =  8.7’10^  where 
H  is  the  base  height.  These  mass  flow  rates  correspond  to  an  equal 
volume  flow  rate  which  effects  the  mean  flow.  For  both  cases  of  in¬ 
jections  of  nitrogen  and  helium,  the  transition  to  turbulent  flow  is 
delayed,  locating  it  downstream  of  x/H  -  8.  Injection  of  nitrogen  in¬ 
creased  fluctuation,  reaching  a  sharp  peak  at  frequency  of  f  =  11  KC 
(kilo  cycles/sec)  in  the  developing  wake.  At  x/H  =  7  along  the  wake 
axis,  the  frequency  becomes  maximum  if  the  basic  frequency  is  doubled 
22  KC  and  wake  width  grows  rapidly  indicating  that  the  break 
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down  of  the  laminar  wake  is  non-linear.  Fluctuations  in  the  shear 
layer  close  to  the  rear  part  of  the  body  are  at  first  larger  than 
those  in  a  wake  of  no  injected  gas  but  grow  sufficiently  slowly  de¬ 
laying  the  wake  transition. 

The  amplification  of  fluctuations  in  the  nea’"  wake  is  considerably 
smaller  than  at  the  same  station  with  no  injection.  Futherraore, 
there  is  a  pronounced  peak  in  the  amplification  curve  nea1"  the  fre¬ 
quency  where  a  peak  in  the  spectrum  was  observed. 

Fluctuations  increase  if  helium  is  injected,  reaching  a  maximum  of 
frequency,  but  prior  to  x/H  =  8,  the  fluctuation  signal  on  the  wake 
axis  is  small  and  no  higher  harmonic  is  observed.  Although  the  volume¬ 
tric  flow  rates  of  nitrogen  and  helium  were  close  to  each  other,  the 
nitrogen  increased  the  fluctuation  more  rapidly.  The  lower  density 
of  the  helium  which  at  least  initially  occupies  the  interior  of  the 
wake  apparently  had  an  additional  stabilizing  effect  beyond  the  altera¬ 
tion  of  the  pressure  gradient  and  the  wake  thickness. 

Surveys  made  at  a  fixed  station  (x/H  *  1.5)  are  shown  in  Fig. VII. 26, 
in  a  parameter  of  a  helium  flow  rate.  As  the  injection  rate  is  in¬ 
creased,  the  laminar  steady  region  about  the  wake  axis,  which  is  asso¬ 
ciated  with  the  injectant  flow  is  widened,  but  the  inner  shear  layers 
merge  with  the  turt  ilent  remnant  of  the  boundaiy  layer  and  their  fluc¬ 
tuation  intensities  are  increased.  Thus  Lewis  and  Behrens  (1969). 
postulates,  that  a  minimum  flow  flu  ation  level  in  the  near  wake  may 
be  attained  by  an  optimum  amount  of  injection. 
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1— J  =  0;  =  0.001.'“;  3— J  = 

0.0091;  9 — trn i ling-edge  discon- 
tinuit-.  .  £  Lewis  and  Behrens 

(1969))  . 


Later  Shvets  (1979-),  confirmed 
that  in  the  range  of  M  =  0.6  -  3t 
for  each  Mach  number  of  free 
stream,  there  exists  an  optimum 
flow  rate  of  injected  gas  for 
minimum  fluctuation,  it  was  also 
found  that  for  supersonic  flow, 
this  same  amount  of  injection  is 
optimum  to  achieve  the  maximum 
base  pressure. 
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